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Abstract 
 Pyrochlore-type oxides (A2B2O7) and glass-ceramic materials have received considerable 
attention for nuclear waste sequestration applications because of the remarkable compositional 
diversity and structural flexibility of the materials. These properties can enhance the 
incorporation of radioactive waste elements and resistance to radiation induced damage of 
incorporated nuclear waste. For the materials to be a potential nuclear wasteform, it is very 
important to understand how the electronic structure of these materials changes depending upon 
composition and to study the structural stability of these materials upon irradiation. The objective 
of this thesis was to investigate how the metal-oxygen bond covalency, cationic radii ratio 
(rA/rB), and oxygen vacancies of pyrochlore-type oxides affect their resistance to radiation 
induced damage. X-ray absorption near-edge spectroscopy (XANES) can be used to investigate 
the electronic structure (i.e., local coordination number (CN), oxidation state, bonding 
environment, etc.) of the element of interest in the materials. Radiation induced structural 
damage of these materials can be simulated by bombarding with high-energy ion beams. Surface 
sensitive glancing angle XANES (GA-XANES) spectra can be used to study the damaged 
surface of the materials, as the high energy ions can only implant in the near-surface region of 
the pellets.  
 In Chapter 2, the effect of substituting lower oxidation state metals in the A
3+ 
or B
4+
-site 
of pyrochlore-type oxides has been investigated using XANES. A series of Yb2Ti2-xFexO7-δ 
(0≤x≤0.2) have been investigated to understand the effect of cation substitution on the local CN 
and oxidation state of the transition metal. Examination of transition metal K- and L2,3-edge 
XANES spectra has shown that Ti and Fe CN decreases with increasing Fe content, and Fe 
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adopts the 3+ state rather than 4+ throughout the series in Yb2Ti2-xFexO7-δ (0≤x≤0.2). The results 
of this study confirms the presence of only Fe
3+
 and a decrease in Ti and Fe CN in 
Yb2Ti2-xFexO7-δ, which makes these compounds oxygen deficient materials. The generation of 
oxygen vacancies by the substitution of Ti
4+
 for Fe
3+
 may affect the resistance to radiation 
induced structural damage and this will be discussed in Chapter 4.  
A series of Gd2Ti2-xSnxO7 have been investigated to understand the effect of bond 
covalency on the electronic structure of these materials using XANES and discussed in 
Chapter 3. Examination of changes in energy and/or line shape of Ti K-, Sn L3- and Gd L3-edge 
XANES spectra from Gd2Ti2-xSnxO7 has shown that the ionic character of Ti-O and Gd-O bonds 
increases while the Sn-O bond becomes more covalent with increasing Sn content. Partial 
density of states calculations have also been performed to understand the spectral line shape 
changes and energy shifts in the spectra. This study has shown that the bonding interactions 
between metal and oxygen vary depending on the composition, which may affect the resistance 
to radiation induced structural damage of these materials. 
In order to understand the radiation induced structural damage in the pyrochlore-type 
oxides, structural damage has been simulated by implanting with 2 MeV Au
-
 ions. These 
high-energy heavy ions can only implant in the surface region (few hundred nm) of the pellets. 
The objective of Chapter 4 was to demonstrate the ability of surface sensitive glancing-angle 
XANES (GA-XANES) and total electron yield XANES (TEY-XANES) techniques to selectively 
probe the damaged surface layer of rare-earth titanates (RE2Ti2O7; RE (rare-earth)=La-Lu, and 
Y). RE2Ti2O7 crystallites have already been examined previously using transmission electron 
microscopy (TEM) before and after implantation, and reported that the resistance to radiation 
induced structural damage increases with decreasing radius of the RE ion (La-Lu). GA-XANES 
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and TEY-XANES techniques have successfully probed the damaged surface of RE2Ti2O7, and 
have shown that the local CN of Ti decreased (i.e., damage occurs in the structure) after 
implantation. The study has also shown that the ion induced structural damage decreases with 
decreasing radius of the RE ion (Sm-Yb), which is in agreement with the previous TEM studies 
of RE2Ti2O7. The ability to reduce ion induced structural damage has also investigated in oxygen 
deficient pyrochlore-type materials (Yb1.85Ca0.15Ti2O7-δ and Yb2Ti1.85Fe0.15O7-δ) along with 
stoichiometric materials. 
Further, the Gd2Ti2-xSnxO7 materials were implanted to study how the metal-oxygen bond 
covalency affect the ion-induced structural damage. This is discussed in Chapter 5. 
Glancing-angle XANES (GA-XANES) spectra, glancing-angle extended X-ray absorption fine 
structure (GA-EXAFS), and micro (μ)-powder XRD have been used to probe the damaged 
surface layer of Gd2Ti2-xSnxO7 pellets after being implanted with 2 MeV Au
-
 ions. Analysis of Ti 
K- and Sn L2,3-edge GA-XANES/EXAFS spectra from the Gd2Ti2-xSnxO7 materials have shown 
that Ti- and Sn-sites become distorted after ion implantation in terms of decrease in CN and a 
change in bonding environment. The study has shown that the Gd2Ti2-xSnxO7 materials become 
more susceptible to ion induced structural damage with increasing the Sn content because of the 
increased covalency between O and Sn in Gd2Ti2-xSnxO7. 
After investigating the ceramic materials, the composite materials containing Gd2Ti2O7 
pyrochlore-type crystallites in a glass have been investigated in Chapter 6. Borosilicate- and 
Fe-Al-borosilicate glass-ceramic composites containing pyrochlore-type Gd2Ti2O7 crystallites 
were synthesized at different annealing temperatures. The study has shown how the Gd2Ti2O7 
crystallites interact within a glass matrix and how these materials change as a result of ion 
implantation. Examination of backscattered electron (BSE) images and XANES spectra from the 
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composite materials have shown that the Gd2Ti2O7 crystallites are dissolved in the glass matrix 
depending on the annealing temperature and the glass composition of composite materials. The 
examination of Fe K-edge from Fe-Al-borosilicate glass-ceramic composites have shown that Fe 
in the composite materials was reduced to Fe
2+
 when annealed at 1100 
o
C and oxidized to Fe
3+
 
when the composites were annealed at 750 
o
C. Further, these glass-ceramic composite materials 
have shown similar response to ion implantation as Gd2Ti2O7. 
The studies in this thesis have shown that the metal-oxygen bond covalence and cationic 
radii of the pyrochlore-type oxides plays important role to resist the ion beam induced damage. 
Along with this, this study has also demonstrated the ability of surface sensitive techniques such 
as GA-XANES/EXAFS and TEY-XANES techniques to probe only the damaged surface layer 
of ion implanted materials. These studies and techniques will be useful for the development of 
materials for nuclear waste sequestration applications.  
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Chapter 1 
Introduction 
 The demand for energy is increasing with the growing population of our society, 
increasing the need for reliable energy sources. Nuclear energy has been considered a clean 
energy source that provides huge amounts of energy, which can meet industrial and societal 
energy needs.
1-5
 Canada produces 15 % of its electricity from nuclear reactors, as of 2010 
statistics.
6
 The growing demand for nuclear energy has resulted in the production of a 
considerable stock-pile of hazardous radioactive nuclear waste.
7-8
 The safe and effective disposal 
of radioactive nuclear waste has become an issue in our globalized and industrialized society.
8-11
 
Therefore, it is important to investigate strategies for the safe disposal of fissile Pu (from 
dismantled nuclear weapons) and minor actinides (Np, Am, Cm) as the demand and development 
of nuclear power increases.
8,12-16
 This thesis has been focused on investigating and developing 
materials that can sequester actinides in a crystalline structure.   
1.1 Nuclear waste generation and management 
 The nuclear industry has been producing a significant amount of radioactive nuclear 
waste. The risk of this hazardous nuclear waste depends upon its radioactivity, half-life, and the 
amount.
12-14
 Canada has been producing nuclear waste since the early 1930’s, when uranium 
mining operations started in the Northwest Territories to support nuclear fuel and military 
applications.
17,18
 Over the years, a significant amount of nuclear waste has been accumulated 
because of the growing demand for nuclear energy. Nuclear waste is generated from a number of 
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sources, such as spent nuclear fuel rods, reprocessing of nuclear fuel waste, dismantlement of 
nuclear weapons, etc.
12-15
 The accumulated nuclear waste from used fuel (measured by volume) 
and uranium mill tailings were 9079 m
3
 and 214,000,000 tonnes, respectively, in Canada to the 
end of 2010.
17
 It is important to immobilize the hazardous nuclear waste materials from the 
environment safely and securely.  
The generated nuclear waste has been safely managed and stored at nuclear reactor sites 
in past years.
19-23
 Spent nuclear fuel rods discharged from nuclear reactors are stored in specially 
designed pools called spent fuel storage pools. In this method, the spent fuel rods are placed 
under water (~ 20 feet of water) to reduce the heat generated from the radioactive elements. The 
pool water is continually monitored to reduce the heat produced by the spent fuel rod assemblies. 
After cooling for a number of years (~5-10 years), these spent fuel rods are sent to dry cask 
storage sites.
19,23
 In this method, spent fuel rods are surrounded by inert gas (typically He) inside 
a container called dry casks. These casks are closed cylinders made of steel/copper. Each 
cylinder is again covered by steel/copper layer and then concrete layers to protect waste from 
environment.
19,23
 
In Canada, nuclear waste is stored in either storage pools or dry cask storage.
20
 However, 
these sites are short term storage methods to immobilize the nuclear waste elements having 
longer half-lives. There is growing need to permanently dispose of accumulated nuclear 
waste.
24,25
 It has been proposed to dispose the nuclear waste deep under the ground (i.e., below 
sea level for long term storage up to ~10
6
 years), which is called geological sequestration.
24-26
 
The disposal of nuclear waste is one of the factors that is responsible for the decline of the 
number of nuclear energy sites worldwide over the past few years (other factors like nuclear 
accidents are also responsible for this decline too).
27-29
 Geological sequestration is still under 
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consideration because of the role of public policies and political issues involved in resolving the 
issue of nuclear waste.
26,29,30
 A key consideration for nuclear waste management is the 
development of highly durable materials that can ensure the long-term stability and isolation of 
the radioactive waste elements.
8,16
   
1.2 Nuclear wasteforms 
 A number of nuclear wasteforms have been proposed to immobilize the nuclear waste for 
geological sequestration and a significant amount of research has been done in this area over the 
last 50 years.
9,11,12,14,16
 Nuclear wasteforms are materials that can safely and securely incorporate 
various radioactive nuclear waste elements. The functions of a nuclear wasteform are to 
immobilize the radioactive waste and provide physically, chemically, thermally, and 
mechanically stable protection, and resist radiation induced damage over a thousand 
years.
8,30,32,33
 Nuclear wasteforms have been proposed based on the high waste loading, easy 
processing, radiation stability, and physical and chemical durability over thousands of 
years.
8,32-37
  
1.2.1 Radiation effects on nuclear wasteforms  
 A key concern for the nuclear wasteform materials are long-term stability and durability 
issues, which may be affected by the radioactive decay of incorporated nuclear waste 
elements.
16,38-43
 During the radioactive decay (i.e., α- or β-decay) process, the incorporated 
radioactive nuclear waste elements may release α- or β-particles over a period of time and 
transform to daughter products. These α- or β-decay events can cause radiation damage to the 
nuclear wasteform through various processes i.e., collisions between the α- or β-particles, 
ionization effects associated with these particles, and atomic displacements in the structure. The 
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major effect that can influence long-term stability of nuclear wasteforms is the atomic 
displacements in the structure i.e., the daughter products having a sufficient recoil energy can 
displace the other atoms in the structure. This can lead the structure to become metamict (i.e. the 
structure becomes amorphous).
8,16,33,41,43-45
 For example, the long lived radioactive actinide 
239
Pu 
releases energetic 5.2 MeV α-particles and is transformed to 235U with recoil energy of 86 keV. 
The daughter product with its recoil energy can displace more atoms (~ 10
3
 atomic 
displacements) in the structure of the material compared to the α-particle (~ 10-102 atomic 
displacements).
41,46
 This process can result in the development of defects, swelling, and cracking 
of the structure and can affect the long-term chemical durability of the nuclear wasteform.
43-46
 It 
is very important to study how the structure behaves when exposed to radiation and the structural 
damage caused by incorporated nuclear waste.
33,41,46
 Therefore, studying how the material 
responds to the radioactive decay of the incorporated nuclear waste elements is a crucial step to 
develop nuclear wasteforms. Radiation induced structural damage can be simulated by 
bombardment (implantation) of the materials using high-energy ion beams (e.g., Au
-
, Kr
+
, and 
Xe
+
), which will be discussed in Section 1.3.
33,45-47
 A number of wasteforms have been proposed 
based on their long-term stability to radiation damage such as glass wasteforms, ceramic 
wasteforms, glass-ceramic wasteforms, and multiphase systems (SYNROC: Synthetic rock).
30-36
 
Each nuclear wasteform offers unique features to incorporate nuclear waste elements, which will 
be discussed below.
30-36
  
1.2.2 Glass wasteforms 
 Glass was the first wasteform that was proposed and developed as a host material for 
nuclear waste via vitrification process.
15,36,48-50
 Vitrification involves loading of waste elements 
within glass matrix at low melting temperatures. Various glass wasteforms have been proposed 
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for the immobilization of nuclear waste based on chemical durability, thermal, mechanical, and 
radiation stability.
34,50-52
 Glass wasteforms can incorporate a wide range of waste compositions 
(i.e., over 30 different nuclear fission and activation products, and minor actinides) because of 
the amorphous silicate structure of glasses and can easily be modified to optimize its 
properties.
15,33,34,38,50
 Borosilicate, phosphate, and rare-earth glasses are the proposed wasteforms 
to immobilize fission products and actinides.
33,36,38
 Although phosphate and rare-earth glasses 
have been considered for the immobilization of selected nuclear waste elements, most research 
has focused on various borosilicate glass compositions.
36,38,52,53
  
Previous investigations on borosilicate glasses have shown how the chemical durability, 
thermal, and mechanical stability can vary with changing the composition.
11,15,36,38,51-54
 The 
oxides in the glass are divided into three categories based on the role of forming or modifying 
the silicate networks: network formers (B, P, Fe, etc), modifiers (Na, K, Li, Al, Ca, etc.), and 
intermediates (Ca, Ti, Zr, Al, etc).
11,34,40,38,55-56
 Durability of these glasses for nuclear waste 
immobilization can be achieved by adding different compositions of these oxides.
11,15,36,38,51-53
 
The radioactive nuclear waste elements can bind to glass-forming elements (e.g. Si, B, and alkali 
elements) via bridging bonds in a glass matrix.
33,34
 Previous investigations on borosilicate 
glasses have shown that the loadings of nuclear waste, the resistance to radiation damage, and 
swelling can depend on the glass composition.
34,38,50-53,55
 It was reported that most actinide 
elements (e.g., Pu) can only dissolve in the glass network at very low loading (3-10 wt %).
21,50
 
Although these borosilicate glasses can accommodate a wide range of waste elements, these 
materials have some disadvantages as nuclear wasteforms such as small fraction of loading of 
actinide elements and the volatility of some fission products during vitrification.
33,36,50,51,52
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1.2.3 Ceramic wasteforms 
 Ceramic materials have been proposed as nuclear wasteforms as they are naturally 
occurring mineral analogues that contain actinides and are preserved in nature over millions of 
years.
57-62
 Over the last few decades, a number of chemically durable, stable, and flexible 
ceramic materials have been developed and proposed as potential nuclear wasteform such as 
zirconolites (CaZrTi2O7), monazite ((Ce,La,Nd,Th)PO4), hollandite (BaAl2Ti6O16), Zircon 
(ZrSiO4), perovskites (ABO3, where A and B are cations occupied in different atomic positions 
of crystal structure), fluorites (AO4), and pyrochlores (A2B2O7).
32,40,41,57,62
 After several decades 
of research on ceramic materials, investigations have shown how the variations in long-range 
structural arrangements (edge/face/corner sharing) and electronic properties can affect the waste 
loading, stability, chemical durability and resistance to radiation damage.
32,33,39-42
 The main 
drawback of using ceramic materials as a nuclear wasteforms is that, compared to glass, they can 
only incorporate a limited number of radioactive waste elements in specific atomic positions of 
the crystal structure.
32,33
 In this thesis, the pyrochlore-type crystal structure has been studied due 
to its unique features, which may make these materials viable as a nuclear wasteform. 
1.2.3.1 Pyrochlore-type crystalline oxides 
 The fluorite and fluorite-related oxides, such as pyrochlore-type oxides, have received 
substantial interest for the immobilization of actinides.
8,32,48,54,56,63,64
 Pyrochlore is a mineral ore 
of Nb and Ta in the Earth’s crust and can contain small amounts of lanthanide and actinide (Th 
and U) elements in the Earth's crust.
65
 The pyrochlore-type crystal structure shows remarkable 
compositional diversity with over 500 compositions being known up to date.
66-67
 The diverse 
chemistry of the pyrochlore-type oxides is coupled to a remarkable variation of chemical and 
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physical properties, and these materials have technological applications such as catalysis, 
piezoelectricity, ferro- and ferri-magnetism, luminescence, giant magneto resistance and ionic 
conductivity.
68-73
 The advantages of using these materials as nuclear wasteforms are the high 
compositional diversity, structural flexibility, and chemical durability.
32,41,64,66,67
 This can 
enhance the incorporation of nuclear waste elements (actinides) into the structure and the 
resistance of these materials to radiation induced structural damage.
32,41,64,66,67,74
 
 The general stoichiometry of pyrochlore-type oxides can be written as A2B2O7 
(Space group:

Fd3m) and the pyrochlore-type crystal structure is related to the fluorite structure 
(AO2, Space group:

Fm3m ), except that it has two cation sites and one eighth fewer oxygen 
vacancies.
41,64,66,67,75
 The pyrochlore-type structure is shown in Figure 1.1.
76
 The A-site atoms (A 
= La to Lu, Ca, Y, etc) are generally larger trivalent cations and the B-site atoms (B = Ti, Sn, Ta, 
Zr, Hf, etc.) are smaller tetravalent cations (it is also possible for the A- and B-site cations to 
have oxidation states other than 3+ and 4+, respectively).
41,64,75,77
 In the 3D framework of 
pyrochlore-type crystal structure, the A-site cation is in an eight coordinate-site within a distorted 
cubic polyhedral and the B-site cation occupies a distorted octahedral environment. The structure 
has three distinct oxygen anion sites within tetrahedral interstices and one of the anion sites is 
vacant when the pyrochlore structure is perfectly ordered.
41,64,75,78
 The local environments for 
each oxygen anion site are OA4, OB4, and OA2B2. The pyrochlore-type crystal oxides lend 
themselves to a wide variety of chemical substitutions at the A and B sites, and the crystal 
structure can tolerate the presence of additional oxygen vacancies to a certain extent.
64,75,78-80
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Figure 1.1 A portion of the unit cell (1/8) of the pyrochlore-type structure of A2B2O7 (Gd2Ti2O7) 
is shown. The structure consists of AO8 in distorted cubic polyhedra (dark grey), distorted BO6 
octahedra (light grey), and O atoms (dark grey spheres) occupy tetrahedral interstitial sites. The 
pyrochlore-type structure was generated using the VESTA program.
76
 
 
In pyrochlore-type oxide materials, anti-site disorder can occur among cations and anions 
depending on the composition and the method used to synthesize the materials.
79,81
 Anti-site 
disorder can also be driven by thermal treatment, the application of an external pressure, or 
implanting the material with an ion beam.
79,82,83
 The driving force for the degree of cation 
anti-site disorder is generally dependant on the ratio A- and B-site ionic radii (rA/rB). As the ionic 
radius ratio (rA/rB) decreases and approaches ~1.46, the ordered pyrochlore structure can 
transform to the defect fluorite structure (i.e., order-disorder phase transition) by disordering of 
A- and B-site cations.
41,81,83-84
 Anion anti-site disorder generally accompanies the disordering of 
the cation lattice.
84
 Other factors such as the covalency of the metal-oxygen bond interactions 
and electronic structure can also influence the transformation of ordered pyrochlore-type 
structure to disordered defect fluorite-type structure.
41,87-89
 The order-disorder phase transition 
would greatly affect the resistance to radiation induced structural damage of the pyrochlore-type 
A 
B 
O 
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oxides.
41,86-88
 Pyrochlore-type materials can exhibit a wide range of properties and applications 
depending on composition, and most of these properties depend on the extent of disordering 
among the A-site and B-site cations in the structure, bond covalency, and presence of oxygen 
vacancies.
41,87-89
 Therefore, it is very important to understand how the electronic and structural 
properties of pyrochlore-type materials change depending on composition and how the variation 
in electronic properties can affect the structural stability of the materials upon irradiation. 
1.2.4 Multi-phase ceramic wasteforms 
 Multiphase ceramic materials have been proposed and designed to incorporate a wide 
range of complex nuclear waste elements.
32,37,57,90-92
 SYNROC (i.e., synthetic rock), a multi-
ceramic material, has been designed based on the stable natural titanate minerals that have 
immobilized uranium and thorium for a long time. Synroc is a combination of zirconolites, 
perovskite, hollandite and rutile phases.
90-92
 Zirconolite and perovskite crystal phases can 
incorporate long lived actinides (e.g., Pu) and hollandite crystal phases can immobilize Cs along 
with K, Rb, and Ba. Various forms of SYNROC have been developed to immobilize various 
nuclear waste elements and these wasteforms have been examined under lab conditions.
57,92
 
Waste loading range of 50-70 wt % with high durability has been demonstrated in Synroc 
materials.
90-92
 Pyrochlore ((Ca,Gd,U,Pu,Hf)2Ti2O7) enriched synroc (Synroc-F) has been 
developed for the disposal of nuclear waste from CANDU (Canada deuterium uranium) 
reactors.
92-95
 The pyrochlore-rich synroc has been observed to be efficient for the immobilization 
of nuclear waste with a loading of 50 wt % U/PuO2.
57,92,95,96 
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1.2.5 Glass-ceramic wasteforms 
Glass and ceramic materials have unique features for the immobilization of nuclear 
waste. The combination of these two materials can enhance the incorporation and effective 
immobilization of various nuclear waste elements.
32,33,50,53,97
 Glass-ceramic composite materials 
have been considered as a potential nuclear wasteforms because of the stable and flexible 
structure of these materials. This can increase the ability of these materials to incorporate 
actinides and various fission products in either the crystalline structure or the glass 
matrix.
33,50,53,55 
Further, in these composite materials, the glass can also act as a secondary barrier 
for the incorporated radioactive actinides in the crystalline material.
98,99
 Different glass-ceramic 
composite materials have been examined in the past.
32,33,50,53,99
 These investigations have shown 
that the degree of immobilization vary with the glass composition and/or crystalline structure of 
the composite material. 
 Recently, rare-earth pyrochlore based glass-ceramic materials have been investigated for 
immobilization applications. The studies on Gd2Zr2O7 and La2Zr2O7 based glass-ceramic 
composite materials have shown that the distribution and interaction of pyrochlore-type oxides 
within the glass matrix plays an important role in stabilizing the composite materials when 
exposed to radiation.
98-100
 These studies have also shown how the mechanical stability and the 
interaction of ceramics within the material changes depending on glass/ceramic composition.
 98-
100
 A better understanding of compositional study and its structural stability upon radiation will 
help to develop and design this potential nuclear wasteform.  
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1.3 Ion beam implantation studies 
  Investigation of radiation induced structural damage (i.e., metamiction) of a material is 
not possible in a real time scale (i.e., 10
3
-10
6
 years).
35,38,41
 However, this can be simulated by 
bombarding the materials with high energy heavy ion beams. In previous studies, heavy ions (i.e. 
Au
-
, Kr
+
, and Xe
+
) at various doses (10
12
-10
15
 ions/cm
2
) have been used to mimic the daughter 
products and long-term radiation damage.
41,63,83,84,86-88
  
An ion beam implantation chamber from a Tandetron accelerator (located at the 
University of Western Ontario, London) is shown in Figure 1.2.
101
 A typical ion beam 
implantation chamber consists of a sputter ion source, accelerator, and a target chamber. The 
sputter ion source is a heavy ion source that produces high intensity ion beams from the desired 
heavy element. The ion beams are boosted to higher energies (MeV) using accelerator tubes. A 
uniform amount of ions with a specific velocity and charge are transferred to the target chamber 
(where the sample was placed) using high-energy magnets and slits. During implantation, the ion 
beam is aligned approximately normal to the surface of a thick material (i.e., pellet).
47,102
 A 
uniform amount of ions are implanted on a target material, generally measured in terms of dose 
or flux (Ions/cm
2
). The high-energy ion beam can penetrate to a maximum depth of 450-1000 
nm. The penetration depth can depend on the composition, energy of ion beam, and the ion 
species. Ion beam implantation can effectively simulate radiation induced structural damage, 
which can help to develop materials that resist radiation-induced structural 
damage.
41,63,83,84,86-88,102
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Figure 1.2 Schematic diagram of the Tandetron accelerator along with the ion implantation 
chamber located at the Interface Science Western (ISW), University of Western Ontario is 
shown.
101
 The diagram was retrieved from the ISW website.
101
 High energy (MeV) heavy ions 
are generated from a sputter source, accelerated through an accelerator, and transferred to 
implantation chamber. The samples were placed normal to the ion flow.   
 
1.4 Powder X-ray diffraction 
 Powder X-ray diffraction (XRD) is one of the primary techniques that can be used for 
identification and quantitative determination of various crystalline structures in a material.
103
 As 
the name suggests, the sample is in a powder (or solid) form consisting of fine grains of 
crystalline domains oriented randomly in the material. This diffraction technique provides 
information on phase purity, lattice parameters, atomic site positions, and crystallite size.
103
 Due 
to its versatility, powder XRD has been used in a wide variety of fields such as geology, material 
science, environmental science, etc.
103,104
  
Due to the periodic array of atoms in a crystalline solid, the structure can be described as 
a series of lattice planes (hkl) with equal inter-planer distance (dhkl).
103 
When the monochromatic 
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X-rays interact with the electron cloud of atoms in a lattice plane, some of the X-rays undergo 
coherent scattering without loss in energy. Diffraction occurs only when the distance travelled by 
these scattered X-rays from successive lattice planes differs by an integer wavelength of X-rays. 
This can be explained by applying Bragg’s law of diffraction (shown in Figure 1.3).103 This law 
states that the path length difference (2dhklsinθ) of the incident and the scattered X-rays of each 
lattice plane is an integral multiple of the wavelength (λ) of the incident X-rays.  
2dhklsinθ = nλ         (1.1) 
 Where `θ` is the angle between the incident (or diffracted) beam and the lattice plane, `n` is an 
integer, `λ` is the wavelength, and `dhkl` is the spacing between the successive lattice planes. 
Constructive interference of diffracted photons from different lattice planes produces a pattern, 
which contains the information about the atomic arrangement within a crystal. For a fixed 
wavelength, the inter-planar distance of various lattice planes in a crystalline material can be 
measured by varying the angle between the diffracted beam and the lattice plane.  The 
diffractogram from a poly-crystalline material can be formed by the addition of individual 
diffraction patterns from different crystalline structures of a material.
104
 The number and position 
of each diffraction peak depends on the lattice spacing, lattice type, and lattice parameters 
whereas the peak intensity depends on the type and position of the atoms.
103,104
 The width of the 
diffraction peaks from a particular crystalline structure provides information of the average 
crystallite size and the presence of defects in the material.
104,105
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Figure 1.3 Schematic diagram of Bragg`s law. When X-rays (wavelength, λ) are incident on a 
lattice plane at an angle θ, some of the X-rays undergo constructive interference. This occurs 
when the path difference of the incident and diffracted beams is an integral multiple of the 
wavelengths of the incident X-rays.    
 
1.5 Synchrotron radiation techniques 
 In this work, synchrotron facilitated X-ray absorption spectroscopy (XAS) experiments 
have been used to probe the electronic structure of the constituent elements in a material. When 
the electrons are moving at relativistic speed (~speed of light) and are forced by the applied 
magnetic fields to move along curved trajectories, the electrons emits radiation tangential to the 
direction of their path known as synchrotron radiation. The synchrotron radiation is a highly 
polarized, narrow monochromatic beam with a high intensity and provides a broad and 
continuous energy band (i.e., infrared to hard X-ray energy region).
106-108
 Because of these 
properties, synchrotron radiation is a beneficial tool for studying the electronic and structural 
properties of materials in different fields.
106
  
Tantalus (Wisconsin, US) was the world’s first light source dedicated to synchrotron 
radiation research.
109
 The Aladdin storage ring, also located in Wisconsin, with energy of 1 GeV 
was the second synchrotron source.
109
 A schematic diagram of modern synchrotron radiation 
source is shown in Figure 1.4. In synchrotron radiation facilities, the charged particles (i.e., 
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electrons) from an electron gun are injected to a linear accelerator (linac) and accelerated to high 
velocity and energy (MeV). These electrons are injected in bunches and accelerated to a 
relativistic speed and high-energy (GeV) in an evacuated booster ring. The accelerated electrons 
in the booster ring are then injected into the polygon shaped closed loop called a storage ring.
106
  
 
Figure 1.4 Schematic diagram of a modern synchrotron (3
rd
 generation) source is shown.  The 
electrons are accelerated with a relativistic speed using a series of accelerators: LINAC, booster 
ring, and storage ring, respectively. The storage ring consists of bending magnets and insertion 
devices, which are responsible for the generation of most intense synchrotron radiation. The 
beamlines bring the synchrotron radiation to the experimental chamber using various optical 
devices.    
 
The storage ring maintains the electrons with a relativistic speed in a closed path by 
magnetic lattice (arc sections of bending magnets and straight sections of insertion devices). 
Bending magnets are large dipole magnets used to bend the electron beam around the corner of 
the polyhedral storage ring.
106,107,110
 The insertion devices are continuous array of magnets, 
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categorized as wigglers and undulators based on magnetic field strength (and number of 
magnetic periods), built into a straight section of the storage ring.
106-108,111
 Schematic diagram for 
bending magnets and insertion devices are shown in Figure 1.5. The electrons in the storage ring 
circulate over a million times each second and generate very intense electromagnetic radiation.
106
 
The beamline stations are tangential to the storage ring in order to transfer the emitted radiation 
into the experimental chamber.
106
 The beamlines are the stations where the emitted radiation is 
transferred to the experimental chamber using optics (mirrors, monochromators, and gratings). 
The lost energy of the accelerated electrons due to the emission of synchrotron radiation can be 
regained using a radio frequency (RF) supply.
106
 
As the electrons are accelerated close to the speed of light (at operating energy) along the 
bending magnets, the radiation emitted by these relativistic electrons is highly collimated 
(narrow) into a forward facing cone (i.e., in a pencil-like beam). The opening angle of the 
emitted radiation cone is of the order 1/γ (~ mrad), where γ is the storage ring energy 
(~GeV).
106-108
 The emitted radiation from a bending magnet covers a broad range of energy. The 
important parameter that characterizes the emission spectrum output from a bending magnet is 
the critical energy, Ec.
106
 The critical energy is the energy below which half of the total radiative 
power of a beam that is emitted and is taken as the high energy cut off of a synchrotron source. 
The critical energy of a source varies with the magnetic field strength and storage ring energy, 
which can be increased by increasing the magnetic field strength (e.g., by placing super bend 
magnets) for a specific synchrotron source.
106
 The flux (generally referred as to the brilliance in 
the units of photons/s/mm
2
/mrad
2
/0.1% bandwidth) emitted by the relativistic electrons is 
proportional to γ4 (i.e., high energy synchrotron sources produce high brilliance).106  
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Insertion devices (wigglers or undulators) placed in the straight sections of the storage 
ring can be optimized to produce radiation specifically tailored to different experimental 
needs.
106,110,111 
They can produce significantly higher fluxes (and higher critical photon energies) 
than the bending magnets. An insertion device is an array of magnets arranged in alternating 
dipoles of a straight section, which can cause the electrons to oscillate sinusoidally in the plane 
of the ring. Insertion devices are categorized into wigglers and undulators based on the number 
of magnets and the magnetic field strength that caused by these magnetic arrays.
106,111
  
An undulator is an array of a large number of permanent magnets (shown in Figure 1.5c) 
where angular divergence of the electron beam is smaller.
106
 The electron beam is periodically 
deflected by a weak magnetic field with small amplitude. The small amplitude oscillations 
creates constructive and destructive interference, resulting in the emission spectrum with a 
narrow bands of radiation (because only the wavelengths with constructive interference adds up) 
and a higher photon flux (proportional to N
2 
times, N-total number of magnetic periods). 
Undulators are often used for soft X-ray beamlines which require a relatively limited range in 
energy and demand for high photon flux.
112
 A wiggler is a smaller array of powerful permanent 
magnets, which deflect the electron beam with larger amplitude oscillations.
106,110
 This can cause 
a broad emission spectrum (similar to bending magnet spectrum) over a large opening angle of 
radiation. Wigglers are just like bending magnet, but produces higher photon flux and higher 
critical energies (because of number of strong magnetic periods). Wigglers are often used for 
hard X-ray beamlines, where broad range of X-ray energies are required.
112
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Figure 1.5 Schematic of a bending magnet, wiggler, and undulator are shown. (a) Bending 
magnets are used to change the trajectory of electron and generated wide span of radiation (b,c) 
Wigglers and Undulators are a series of magnets arranged in an alternative way. Wigglers can 
produce very wide band of energy whereas undulators can produce a narrow energy band of 
radiation because of the variations in magnetic field strength.     
 
1.5.1 Beamline set-up 
 The generated synchrotron radiation in the storage ring can be delivered to the 
experimental chamber through a beamline. A beamline consists of a front end aperture (to bring 
the beam from the storage ring), an optics section (to select the wavelength of a beam), and an 
experimental chamber.
106
 To perform X-ray absorption spectroscopy experiments, it is necessary 
to focus the monochromated beam on the sample with good energy resolution and optimized 
photon flux.
106,112
 Various optical instruments have been designed for the beamlines to produce 
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collimated, monochromated, and focused beams, which depend on the X-ray energy range and 
the measurement method (i.e., scattering, imaging, or spectroscopic methods).
106
  
 The most important components for hard X-ray (above 2000 eV) optics are 
monochromators and mirrors.
107,113
 Monochromators are used to produce single wavelength (i.e., 
energy) radiation whereas mirrors are used for collimating and focusing the X-ray beam onto the 
sample. Double crystal monochromators have been used for hard X-rays (i.e., the energy above 
2 keV) to select and scan the energy.
107,113
 Double crystal monochromators have two single 
crystals mounted parallel to each other with one used to select the energy and the other to attain 
the position of beam spot on the sample (since beam position is energy dependant, which can be 
tracked by a second crystal). For a fixed lattice spacing (d) and a fixed angle between the 
incident beam and the crystal face, these crystals can separate energy (i.e., wavelength) of photon 
beam using Bragg diffraction (nλ = 2dsinθ) and scan through the energy with good resolution.107 
Energies that satisfy the Bragg equation with n>1 are called harmonics and can be removed from 
the beam using harmonic rejection mirrors (e.g., Rh coated mirrors can absorb high harmonics) 
and/or detuning the monochromatic crystal.
114
 Generally for XAS experiments, Si (111) vs Si 
(220) faces have been used at the cost of high flux vs high resolution.
112,115
  
 The wavelengths of soft X-rays (below 2 keV, ~0.5 nm to few nanometers) match the 
length scales in the materials well. For these wavelengths, there is no need to use single crystal 
monochromators like for the hard X-ray region. Monochromatic gratings can cause dispersion 
(i.e., separation of light with different wavelengths) due to its well-defined line spacing and 
size.
116
 Large dispersion and small focus can bring high energy resolution to the soft X-rays. The 
resolving power of a particular monochromatic grating depends on the line spacing and total 
number of grooves in the grating.
116
 The photon beam emitted from the soft X-ray optics has a 
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small spot size due to small interaction cross section of soft X-rays and a high resolving power. 
The end stations for a beamline vary with the measurement method (i.e., spectroscopy, 
scattering, and imaging).
106
 Since X-ray absorption experiments have been the interest of study 
of this thesis, the end stations will be explained below. 
1.5.2 XAS experimental set-up 
Generally, the X-ray absorption spectrum (XAS) records the absorption intensity as a 
function of the incoming photon energy.
112,117,118
 The absorption coefficient can be determined 
either directly by measuring the intensities of incoming and transmitted beam (transmission 
mode) or indirectly by measuring the intensity of incoming beam and of the decay products (i.e., 
decay of excited state accompanied by the emission of fluorescent photons, photo-electrons, 
Auger electrons, or secondary electrons).
112,118
 A schematic diagram of the different X-ray 
absorption spectroscopy detection methods is shown in Figure 1.6. The selection of a detection 
method varies with the absorption-edge energy and sample environment.
120
 
Transmission experiments are designed for high energy XAS experiments because the 
high energy beam can transmit and penetrate easily through the sample.
112,117
 In transmission 
mode, the incident beam of X-rays (I0) passes through a sample of thickness (t), and the 
transmitted beam (It) is measured (Figure 1.6a). The change in intensity of incident and 
transmitted photons is related to the absorption coefficient (µ) of a sample, which can be 
explained by Beer-Lambert law for linear absorption. 
    ln (
It
I0
) = −µt           (1.2) 
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Where ‘I0’ is the incident X-ray beam intensity, ‘It’ is the intensity transmitted through the 
sample, and ‘t’ is the sample thickness.112,117,118 Since ‘µ’ is the sum of the absorption 
coefficients of all components in a material, a sharp increase in absorption coefficient can be 
achieved using a sufficiently concentrated sample. The intensity of incident (I0) and transmitted 
beams (It) is measured using ionization chambers.
112,117,118
 Ionization chambers consist of 
compartments filled with gas and is connected between two oppositely charged parallel 
plates.
112,117,119 
Some of the X-rays ionize gas when they pass through these chambers, releasing 
ions and electrons that are collected at the plates in form of current. The current is proportional to 
the intensity of X-ray beam.
119
 The selection of a gas for these ionization chambers varies 
depending on the energy of X-ray photon beam. Heavier gases (e.g., Ar, Xe) have been used for 
high energy (above 10 keV) XAS experiment due its large absorption cross section and it ability 
to absorb large number of X-ray photons.
120
 Low atomic number gas (e.g., He and/or N2) are 
used for low energy (~3 keV-5 keV) and medium energy (~5-10 keV) XAS experiments. 
 For the absorption-edge energies in soft X-ray region, the transmission experiments are 
not possible and absorption is monitored by measuring either the emission of fluorescence 
photons or electrons.
119-121
 The emission of fluorescence photons or electrons (i.e. direct 
emission of Auger or photoelectrons or indirect emission of secondary electrons) occurs by the 
decay of excited state and the intensity of these decay products are generally proportional to 
X-ray absorption.
121
 The emitted fluorescence photon flux (If) from a sample is collected using a 
detector and the total electron yield (ITEY) is measured in the form of a drain current to replace 
electrons that lost from emission. The absorption spectra measured is the ratio of detected 
fluorescent (or electron yield) signal and incident photon (i.e., µ proportional to If/Io (or ITEY/Io)), 
which is similar to the transmission spectra.
112,121
 However, the detected signal intensity in 
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fluorescent measurements can be strongly attenuated by absorption effects (i.e., fluorescent 
photons absorbed by the same atom) or saturation effects when measuring thick or concentrated 
samples.
112,122,123
 As for the electron yield measurements, charging effects are also problematic 
for electron yield from thick insulating materials.
120
 Charging effects obstruct the transfer of 
electrons from electrically grounded sample holder to the sample surface (to replace the lost 
electrons during emission). These problems can be reduced using an effective mounting 
procedure and sample preparation (or concentration).
120,124
 Therefore, care should be taken when 
measuring the spectra using these detection methods.     
Transmission, florescence, and electron yield experiments have different sampling depths 
because of the variation in the penetrating depths of photons vs electrons (i.e., because of the 
different interaction cross sections of photons vs electrons with matter).
112,120,124
 Transmission 
and fluorescence measurements are inherently bulk sensitive whereas electron yield 
measurements are surface sensitive.
117,120,122
 The subtracted photon beam is measured in the 
transmission since the beam passes through the entire thickness of sample and, for the 
fluorescence mode, the (fluorescent) photons sufficiently penetrates through the medium (small 
interaction with the matter) and the collected fluorescence photons escape from the bulk of the 
sample.
120,122
 These make the transmission and fluorescence measurements bulk sensitive. For 
the electron yield experiments, the electrons lose energy rapidly via scattering or absorption 
(larger interaction cross section) and the signal recorded is only from the electrons that escaped 
from the surface (in nm).
120,124
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Figure 1.6 Schematic diagram of XAS experimental set-up for different detection methods. (a) 
For Hard X-ray transmission and fluorescence set-up, the X-ray photon beam from the ionization 
chamber (I0) is transmitted through the sample and the transmitted beam is measured using an 
ionization chamber (It). The released fluorescence photons (If) are collected using fluorescence 
detector.  (b) Soft X-ray electron yield (EY) experiments are done in vacuum. The incident X-ray 
photon beam (I0) interacts with matter and creates a core-hole. The core-hole decays by emission 
of electrons (EY) and fluorescence photons (If). A total electron yield spectrum along with the 
fluorescence spectrum can be collected simultaneously to get accurate XANES spectra.  
 
1.5.3 An overview on XAS: XANES and EXAFS 
 X-ray absorption spectroscopy (XAS) is a powerful tool to study the electronic structure 
and local environment of the element of interest in materials.
121,125
 XAS can be applied not only 
to crystalline but also amorphous systems like glasses, liquids, metalloproteins, nanoscale 
materials, etc.
121,125,126
 Due to its elemental selectivity, XAS has been used in a wide variety of 
fields such as material sciences, environmental sciences and life sciences.
121,125,126
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 In X-ray absorption experiments, a core electron (electron in occupied state) is excited 
into unoccupied atomic/molecular orbitals above the Fermi level (conduction and/or continuum 
state) by the absorption of an X-ray photon having sufficient energy to excite the 
electron.
112,125-127
 Since the absorption process is a core electron excitation, the XAS technique is 
element specific and sensitive to the oxidation state, bonding environment, and local geometry 
around the absorbing atom.
112,125-127
 As the incident photon energy increases, the X-ray 
absorption coefficient (µ, generally referred as the absorbing power of a material) has been 
interrupted by a sharp rise when the photon energy that is equal to the binding energy of a core 
electron shell (K, L, M, etc) for a given absorbing atom (referred to as an 
absorption-edge).
112,118,125-127
 The transitions just below and above the absorption-edge energy 
region (e.g., ~ 10 eV-30 eV energy range for K-edge spectra) in the spectrum are referred to as 
X-ray absorption near-edge spectroscopy (XANES). As the scanning energy increases (generally 
30 eV above from edge energy) above the absorption-edge energy, the electron enters into a 
continuum states, and can be back scattered by neighbouring atoms in coordination shells 
surrounding the absorbing atom, resulting in constructive and destructive interference that 
creates structured oscillations in the spectrum.
112,118,125-127
 These oscillations are from 
multi-scattering and then single scattering resonances. Multi-scattering resonances overlap with 
the high-energy region of XANES spectra and can occur due to the multiple scattering events of 
an excited core-electron with neighbouring atoms. Single scattering resonances occur when the 
core electron with high kinetic energy and small scattering path-length is back-scattered by 
neighbouring atoms in a single scattering event. These resonances are referred as extended X-ray 
absorption fine structure (EXAFS) and are sensitive to the bond distance, coordination number, 
and identity of the scattering atoms from the absorbing atom.
112,126
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 If the excitation of an electron is from a K-shell (i.e., excitation of 1s electrons) then the 
XAS spectrum is labeled as K-edge. The electronic transitions in the absorption process mainly 
follows the conservation of angular momentum (i.e., ∆l= ±1). In this thesis, the materials have 
been investigated using K-edge XAS spectra (excitation of 1s electrons) and L-edge XAS spectra 
(excitation of 2p electrons).
112,118,125-127
 Schematic diagram for representative K-edge and L-edge 
transitions are shown in Figure 1.7a. The L1-edge consists of 2s→np transitions whereas 
L2,3-edge consists of 2p→(n-1)d transitions. As in K-edge, the prominent transitions are from 
dipolar transitions (1s→np), however, quadrupolar (i.e., ∆l= ±2) transitions (1s→(n-1)d) are also 
possible in the spectra.
112,118,125-127
 The transition metal (i.e., Ti) K-edge XANES spectrum is 
shown in Figure 1.7b, which consists of a low intensity pre-edge (A) feature (1s3d; 
quadrupolar transitions) and very high intensity main edge (B,C) feature (1s4p; dipolar 
transitions). The weak intensity pre-edge region (A) probes the d-states of a transition metal and 
is sensitive to the chemical environment.
128-131
 The probability of the quadrupolar transitions 
(i.e., the intensity of pre-edge peak) can be increased by the addition of dipolar character through 
the overlap of d- and p-states. The p-d mixing can occur by varying the coordination 
environment (e.g., octahedral to tetrahedral geometry) of the absorbing atom.
128-131
 As illustrated 
in Figure 1.8a, decreasing the coordination number (Ti
[6]→Ti[5]→Ti[4]) can increase the intensity 
of pre-edge feature (A). Further, the absorption energy of pre-edge peak is sensitive to the 
oxidation state and CN of an absorbing atom.
128-132
 Similar to the pre-edge feature, the high 
intense main-edge features (B,C) can depend on coordination number, bonding environment, and 
oxidation state of the metal atom.
121,128-132
 Figure 1.8b shows a shift to higher energies in the 
main-edge region with increasing oxidation state. Unlike other techniques such as diffraction, 
solid-state NMR or Raman spectroscopy, XANES gives qualitative information on the electronic 
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structure and bonding environment of the absorbing atom.
118,126
 In this work, X-ray absorption 
spectroscopy experiments have been used to probe the electronic structure of the constituent 
elements in a material. 
  
Figure 1.7 (a) A representative energy diagram for K- and L-edge transitions in the XAS 
process. Metal K-edge transitions not only include dipole allowed 1s→np transitions but also 
quadrupole transitions (1s→(n-1)d). In the L-edge, the dipole allowed electronic transitions are 
2s→np (L1-edge) and 2p→(n-1)d (L2,3-edge).  (b) Transition metal (Ti) K-edge XANES along 
with EXAFS are shown.  The XANES spectrum is further divided into pre-edge (A:1s→3d) and 
main-edge (B,C:1s→np) regions.  
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Figure 1.8 (a) Ti K-edge XANES speactra from materials having 4-coordinate, 5-coordinate, 
and 6-coordinate Ti atoms. The intensity and energy of pre-edge peak (A) are observed to change 
significantly with varying CN. These changes are also accompanied by changes in the main-edge 
features (B,C). (b) Ti K-edge XANES speactra from TiO2 (Ti
4+
)and Ti2O3 (Ti
3+
) are presented. A 
large high energy shift in main-edge region (B) are observed with increasing the oxidation state 
of Ti (Ti
3+→ Ti4+).  
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1.5.4 Glancing angle XAS 
 In order to investigate the resistance to radiation induced structural damage from 
materials, it is necessary to select a technique that can probe only the damaged surface layer 
(typically only a few hundred nm) produced by ion beam implantation of a thick material.
86-88,102
 
Transmission and/or fluorescence methods are generally employed to measure hard X-ray 
XANES and these measurements are not surface sensitive. The surface sensitivity of these hard 
X-ray XANES measurements can be achieved using the glancing angle method to probe only the 
damaged surface layer.
102,133-136
 A schematic diagram for a glancing angle XANES 
(GA-XANES) experimental set-up is shown in Figure 1.9. In a glancing angle experiment, the 
incident X-ray beam angle (generally called the glancing angle) is set to be just above the critical 
angle of total reflection in order to selectively probe the surface layer. When the incident X-ray 
angle is less than the critical angle, total external reflection occurs and X-rays propagate parallel 
to the surface of the material. Therefore, it is necessary to select the angle just above the critical 
angle to probe the amorphous surface layer (few hundreds of nm thick) of an implanted surface. 
Surface sensitivity generally increases with decreasing glancing angle (i.e., the X-ray beam angle 
of incidence on the surface of a pellet decreases and result in the spectra becoming more surface 
sensitive).
102,133-136
 The monochromatic X-ray beam angle of incidence (θ) and its X-ray 
attenuation depths depend on the density of a material and the fixed excitation energy (i.e., 
absorption-edge energy).
134
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Figure 1.9 Experimental set up for the glancing angle XANES measurements are shown, where 
the sample (pellet) surface is irradiated with incident X-ray beam (I0). The X-ray beam angle of 
incidence (θ) on a surface of a pellet can be achieved by a goniometer (moving motor). The 
spectra are collected using fluorescence mode because of the thick pellet and because of only 
wanting to probe the near-surface region. 
 
1.6 Thesis Objectives 
 In order to develop potential nuclear wasteforms, it is necessary to understand how the 
changes in electronic and structural properties of a material can influence the chemical durability 
and its resistance to radiation induced structural damage. The work presented in the thesis was 
designed to provide this knowledge through the study of pyrochlore-type materials. The initial 
study of this thesis will focus on investigating the electronic structure and local coordination 
environment of the stoichiometric and non-stoichiometric pyrochlore-type oxides depending on 
composition. The later step of this work will contribute to a better understanding of how these 
electronic properties can affect the structural stability of the materials upon irradiation. 
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 The first objective of this thesis is to investigate the changes in electronic and structural 
properties (i.e., changes in local coordination environment or changes in the covalency of bonds 
or changes in the oxidation states) of pyrochlore-type materials depending on composition. The 
benefit of using XANES in this study is that it allows qualitative insight into slight variations in 
the electronic properties of the materials resulting from elemental substitution. The composition 
for pyrochlore-type materials has been deliberately chosen for these investigations, which has 
not been investigated previously using XANES. Chapter 2 addresses how the reduced A or 
B-site cations of pyrochlore-type oxides can affect the local coordination environment of the 
metals and oxygen deficiency of pyrochlore-type oxide system. The Yb2Ti2-xFexO7-δ (0≤x≤0.2) 
series have been investigated in this study to understand how a lower oxidation state cation in the 
B-site can affect the local CN and oxidation state of the transition metal. Transition metal (Ti and 
Fe) K- and L2,3-XANES spectra were collected and analysed for this study. The next step of this 
objective was to study how the substitution of metals of different electronegativity can influence 
the bonding interactions between the metal and oxygen, and this is discussed in Chapter 3. The 
Gd2Ti2-xSnxO7 (0≤x≤2.0) series has been investigated to study the metal-oxygen bond covalency 
with increasing Sn substitution. Ti K-, Sn L3-, Sn K-, and Gd L3-edge XANES spectra from the 
Gd2Ti2-xSnxO7 system have been collected and analysed carefully.  
 After completing the preliminary objective of studying the electronic structure of the 
pyrochlore-type oxides depending on composition, the next objective of this thesis was to 
understand the effects of radiation induced structural damage in these materials. The materials 
were bombarded with high energy Au
-
 ions to mimic radiation induced structural damage. 
Various techniques have been previously used to probe the response of the materials upon ion 
beam implantation,
86,88,89
 In this work, surface sensitive glancing angle and total electron yield 
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XANES experiments have been used to probe only the damaged surface layer of the ion 
implanted pellets. The benefit of using these techniques is that they provide for a high level of 
sensitivity to slight atomic distortions resulting from ion beam implantation. Since very few 
studies have used GA-XANES (and no studies on TEY-XANES) to study the damaged surface 
layer of materials, the objective of Chapter 4 was to demonstrate how these techniques can be 
used to investigate the radiation induced damage of the materials.
102,136
 RE2Ti2O7 (RE 
(rare-earth)=La-Lu, and Y) was chosen for this purpose to demonstrate the effect of the cationic 
radii ratio (rA/rB) on the structural stability. Ti K-edge TEY-XANES and GA-XANES spectra of 
RE2Ti2O7 were collected and analyzed for this purpose. Chapter 4 has also focused on how 
oxygen vacancies can affect the resistance of pyrochlore-type oxides to radiation-induced 
structural damage. Oxygen-deficient Yb1.85Ca0.15Ti2O7-δ and Yb2Ti1.85Fe0.15O7-δ materials have 
been examined to investigate the response to ion beam implantation using TEY-XANES and 
GA-XANES. Through careful analysis and successful demonstration of surface sensitive 
GA-XANES, Chapter 5 will focus on understanding the effects of metal-oxygen bond covalency 
on the structural stability of ion implanted Gd2Ti2-xSnxO7 materials using Ti K- and Sn L3-edge 
GA-XANES (and GA-EXAFS) spectra.  
 The final objective of this thesis (Chapter 6) was to combine the pyrochlore-type 
materials with glasses, and to develop a better understanding of glass-ceramic composite 
materials with varying composition. The feasibility of producing glass-ceramic materials from 
borosilicate (and Fe-Al-borosilicate) glass and pyrochlore-type oxides (Gd2Ti2O7) has been 
demonstrated by a simple solid state method at different annealing temperatures. The chemistry 
and distribution (and also interaction) of ceramic materials within the glasses has been 
thoroughly investigated by electron microprobe and (Ti K-, Al L2,3-edge and Fe K-edge) 
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XANES. This Chapter also includes an investigation on the response of the ceramic materials 
within the glass matrix to ion beam implantation.  
The thesis work has investigated pyrochlore-type oxides as well as glass-ceramic 
composites depending on composition and also the stability of these materials upon irradiation. 
This thesis has also demonstrated the ability of surface sensitive techniques such as 
GA-XANES/EXAFS and TEY-XANES techniques to probe only the damaged surface layer of 
ion implanted pellets. These studies will contribute to a better understanding of how the changes 
in electronic properties can influence the structural stability of the materials after implantation.  
  
33 
 
Chapter 2 
An investigation of pyrochlore-type oxides (Yb2Ti2-xFexO7-δ) by 
XANES
*
 
2.1 Introduction 
 Oxides with the pyrochlore-type structure have been considered for nuclear waste 
immobilization applications during the last few decades because of their exceptionally high 
compositional diversity and structural flexibility.
64,79,137,138
 The general formula of materials 
adopting the pyrochlore-type structure can be written as A2B2O7 (Space group:

Fd3m) and is 
shown in Figure 1.1. The structural arrangements were discussed in Section 1.2.3.1. The 
structure contains a distorted BO6 octahedra and the A-site is eight coordinate within a distorted 
cubic polyhedral.
64,75 
There are three distinct anion sites within tetrahedral interstices, and one of 
the anion sites is vacant.
41,64,75
 Anti-site disorder between the A- and B-sites can also occur 
depending on the composition
79,81
 The driving force for anti-site disordering in the 
pyrochlore-type system is generally the relative size of the A- and B-site cations, with a lower 
A/B radius ratio resulting in greater disorder (other factors can also affect this too; see 
Section 1.2.3.1).
64,81
 Pyrochlore-type materials lend themselves to a wide variety of chemical 
substitutions at the A and B sites, and the crystal structure can tolerate the presence of 
O-vacancies to a certain extent.
139-141
 
 
Yb2Ti2O7 exhibits remarkable physiochemical properties along with potential 
applications in different fields.
140-143 
The potential for developing chemically durable Yb2Ti2O7 
and its ability to reduce radiation induced structural damage can be changed by introduction of 
* 
A version of this Chapter has been published. Reprinted with permission from Aluri, E. R.; Grosvenor, 
A. P. J. Phys. Chem. Solids 2013, 74, 830–836 © 2013 Elsevier Ltd. doi:10.1016/j.jpcs.2013.01.026 
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O-vacancies.
141,143
 According to the charge neutrality condition, O-deficiency can be achieved by 
the partial substitution of the A
3+
 or B
4+
 cations for metals that have a similar size and lower 
oxidation state. The number of oxygen vacancies generated by lower oxidation state metal 
substitution could affect the chemical durability and the resistance to radiation induced damage 
of a material. The Yb2Ti2-xFexO7-δ materials have been examined previously for oxygen ionic 
conduction applications.
142 
In particular, these studies have assumed that only Fe
3+
 is present, 
even though Fe
4+
 can be stable in some materials.
142,144-146
 The investigations of SrFexTi1-xO3-δ, 
CaFexTi1-xO3-δ, and La1-xSrxFeO3-δ have shown that Fe substitutes for Ti
4+
, partly as Fe
4+
 and 
partly as Fe
3+
.
144-146
 The presence of Fe
4+
 in Yb2Ti2-xFexO7-δ would affect the number of 
O-vacancies present, and the ionic conductivity and the resistance to radiation damage by this 
material.
147,148 
Therefore, it is important to better understand the effect of cation substitution and 
oxygen deficiency on the local coordination and oxidation state of the metal. The presence of 
O-defects (O-vacancy; positive charge carriers) in the Yb2Ti2-xFexO7-δ system makes the material 
viable for solid oxide fuel cell applications.
142
 
X-ray absorption near-edge spectroscopy (XANES) is a very useful tool to investigate 
changes in the electronic and crystal structure of materials.
121
 It is element-specific, and the 
coordination number (CN), charge, and bonding of the element of interest with neighboring 
atoms can be determined through the analysis of the absorption-edge energy and line shape of 
the spectra.
125 
In this Chapter, transition-metal K-edge and L2,3-edge XANES spectra have been 
investigated, providing a chance to assess the local environment around the Fe and Ti centres 
throughout the whole Yb2Ti2-xFexO7-δ series (0≤x≤0.2). Fe K-edge XANES spectra have been 
collected from this system to examine how the CN and oxidation state varies with Fe content. 
The oxidation state of Fe in the Yb2Ti2-xFexO7-δ system has been examined by comparison to 
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spectra from La1-xSrxFeO3-δ.
149 
The change in CN of Fe and Ti is also discussed through the 
examination of Fe L2,3-, Ti K-, and Ti L2,3-edge XANES spectra.  
2.2 Experimental  
2.2.1 Synthesis and X-ray diffraction 
 The Yb2Ti2-xFexO7-δ (x=0.00, 0.05, 0.10, 0.15, 0.20) system was synthesized by a 
conventional ceramic method.
142
 Powders of Yb2O3 (Alfa Aesar, 99.9%), TiO2 (Alfa Aesar, 
99.9%), and Fe2O3 (Alfa Aesar, 99.945%) were mixed in stoichiometric amounts and pressed 
uniaxially into pellets at 6 MPa. The pellets were heated in air at 1400 
o
C for 6-12 days, and then 
quench cooled in air. Intermediate grinding and repelleting of the materials was performed to 
produce homogeneous materials. 
La1-xSrxFeO3-δ (x=0.0, 0.5, 1) samples were synthesized to aid in the interpretation of the 
Fe K-edge XANES spectra from the Yb2Ti2-xFexO7-δ system.
146,149
 Stoichiometric amounts of 
La2O3 (Alfa Aesar, 99.99%), SrCO3 (Alfa Aesar, 99%), and Fe2O3 (Alfa Aesar, 99.945%) were 
mixed and heated in air at 1100 
o
C to decompose the carbonate. The resulting powders were 
pressed uniaxially into pellets at 6 MPa and heated in air at 1300 
o
C over 5 days before being 
quenched in air. Portions of the samples were also annealed in O2(g) at 1200 
o
C for 4 days and 
cooled slowly to room temperature over 8 hours to improve the oxygen stoichiometry. 
X-ray diffraction (XRD) was performed to confirm that the pyrochlore-type structure had 
formed. XRD patterns from each sample were collected at room temperature using a PANalytical 
Empyrean X-ray diffractometer and a Co Kα1,2 X-ray source operating at 40 kV and 45 mA. 
Diffraction data was collected in the 2θ range of 10-110o. The lattice constants were determined 
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using the HighScore Plus software package.
150
 All materials were determined to be phase-pure, 
except for Yb2Ti1.80Fe0.20O7-δ. 
2.2.2 XANES 
2.2.2.1 Fe K-edge XANES 
The Fe K-edge XANES spectra from Yb2Ti2-xFexO7-δ and La1-xSrxFeO3-δ were collected 
using the Hard X-ray Micro Analysis (HXMA, 06ID-1) beamline at the Canadian Light Source 
(CLS).
113
 A Si (111) double crystal monochromator was used, and the radiation generated from a 
superconducting wiggler was detuned to 50% to remove higher harmonics. All spectra were 
recorded in transmission mode using ionization chambers filled with 100% N2(g) to achieve 
optimal absorption and signal to noise ratios. The flux was ~10
12 
photons/s and the spectral 
resolution was 0.7 eV at 7112 eV (Fe K-edge).
113
 Energy calibration was performed by 
simultaneously collecting spectra from a Fe metal foil and fixing the absorption-edge energy to 
7112 eV.
151
 The data were collected using a 0.15 eV step through the absorption edge. Finely 
ground powders of the samples were spread on (and sealed between) Kapton tape to perform this 
experiment. The thickness of the sample was varied by adding or removing layers of the tape to 
maximize the adsorption-edge step height. Background reduction, normalization, and calibration 
of all spectra collected in this study was performed using the Athena software program.
152 
2.2.2.2 Ti K-edge XANES 
 Ti K-edge XANES spectra from the Yb2Ti2-xFexO7-δ system was measured using the Soft 
X-ray Microcharacterization Beam line (SXRMB, 06B1-1) at the CLS.
153 
A Si(111) 
monochromator was used, providing a photon flux of >10
11
 photons/s and a resolution of 0.5 eV 
at 4966 eV (Fe K-edge). Samples were prepared by placing finely ground powders on carbon 
tape. The spectra were calibrated against the K-edge spectrum from Ti metal with a set 
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absorption-edge energy of 4966 eV.
151 
Total electron yield (TEY) spectra were collected using a 
step size of 0.2 eV through the absorption-edge.  
2.2.2.3 Ti L2,3- and Fe L2,3-edge XANES  
 The Ti L2,3-edge and Fe L2,3-edge spectra from Yb2Ti2-xFexO7-δ were recorded at the CLS 
using the Spherical Grating Monochromator (SGM) undulator beam line 11ID-1.
115
 The flux 
is ∼1011 photons/s at 1900 eV and increases to 1012 photons/s at 250 eV. The resolution of the 
beamline is 0.2 eV at 706.8 eV (Fe L3-edge) and 0.1 eV at 453.8 eV (Ti L3-edge).
115
 Finely 
ground samples were spread on carbon tape prior to measurement. The spectra were collected 
simultaneously in both total fluorescence yield (TFY) and TEY modes. The spectra were 
collected from 30 eV below the absorption edge to 50 eV (Ti) or 70 eV (Fe) above the edge. The 
data were collected using a step size of 0.10 eV (Fe L2,3-edge) and 0.05 eV (Ti L2,3-edge) 
through the absorption-edge. The Fe L3-edge spectra were calibrated using Cr metal powder as a 
standard with an L3-edge energy of 543.1 eV, and the Ti L3-edge spectra were calibrated against 
the L3-edge spectrum from Ti metal with a set absorption-edge energy of 453.8 eV.
151
 TFY 
spectra of Cr and Ti metal powders were used for calibration due to the surface sensitivity of 
TEY spectra, and the influence of surface oxidation. 
 
2.3 Results and Discussion 
2.3.1 Structure 
Powder XRD was performed to gain information about the crystal structure of 
Yb2Ti2-xFexO7-δ, and to determine how the lattice parameters of the unit cell changed depending 
on composition. The XRD patterns from these materials (Figure 2.1) compared well to the 
calculated pattern produced using the crystal structure of Yb2Ti2O7, which has the 
pyrochlore-type structure.
154
 All samples were pure-phase, except for Yb2Ti1.80Fe0.20O7-δ. Small 
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amounts of Fe2O3 and Yb2O3 impurities were detected in the powder XRD pattern from 
Yb2Ti1.80Fe0.20O7-δ and suggests that the limit of Fe solubility in the Yb2Ti2-xFexO7-δ system 
occurs when x<0.2. However, these phase impurities are not considered to be large enough to 
adversely influence the XANES spectra. It was found that the lattice constant decreased slightly 
upon substitution of Fe in the Yb2Ti2-xFexO7-δ system (Table. 2.1). It might be expected that the 
lattice constants would increase if Fe
3+
 replaced Ti
4+
, if the ionic radii of 6-coordinate Fe
3+
 
(0.645Å) and Ti
4+ 
(0.585Å) were compared.
155
 The observed slight decrease in the lattice 
constant was first assumed to be a result of the presence of Fe
4+ 
(rFe4+=0.585Å),
 
but it was later 
determined to be a result of the decrease in the CN of Ti
4+
 and Fe
3+
 with increasing Fe 
incorporation after examination of the Fe K-edge XANES spectra (vide infra).
155  
As stated earlier, anti-site disorder can influence the site occupancies of the metal sites. 
However, previous studies of Yb2Ti2O7 have shown that the amount of anti-site disorder 
experienced in this material is low (~4.5% of Ti atoms were found in the Yb site).141,154,156 
Generally, a decrease in the intensity of the super structural reflections (e.g., (311), (331)) in the 
powder XRD patterns is indicative of anti-site disorder in compounds adopting the 
pyrochlore-type structure.
154
 In the case of Yb2Ti2-xFexO7-δ, the intensity ratio of the super 
structural peaks ((311) or (331)) to the (222) reflection was found to remain relatively constant 
regardless of the Fe concentration (including when x=0). This suggests that the amount of 
anti-site disorder present is low in the Yb2Ti2-xFexO7-δ systems, and relatively invariant. 
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Figure 2.1 (a) A powder XRD pattern from phase pure Yb2Ti1.85Fe0.15O7-δ is shown and the 
lattice constants are calculated from the pattern produced using the crystal structure of 
Yb2Ti2O7.
154
 (b). The (400) reflections from the Yb2Ti2-xFexO7-δ series (0.00≤x≤0.20) are shown. 
The diffraction peaks shift very slightly to higher 2θ with increasing Fe incorporation. 
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Table 2.1 Lattice parameters from the Yb2Ti2-xFexO7-δ system. 
Yb2Ti2-xFexO7-δ 
x a (Å) 
0.00 10.0302(1) 
0.05 10.0283(1) 
0.10 10.0270(1) 
0.15 10.0268(1) 
0.20 10.0267(5) 
 
2.3.2 Fe K-edge XANES 
 XANES is sensitive to the oxidation state and local order around an absorbing atom, and 
has been widely used to analyze the structure and electronic properties of materials.
121,125
 The 
normalized Fe K-edge spectra from Yb2Ti2-xFexO7-δ are shown in Figure 2.2. The spectra can be 
subdivided into two regions, the pre-edge region (feature A) and the main edge region (features 
B and C). All three features change in intensity or energy in a systematic way as the CN is 
changed.
130,157,158 
As will be discussed below by comparison to the spectra from La1-xSrxFeO3-δ, 
the spectral changes observed in Figure 2.2 are not due to a change in the Fe oxidation state.  
The pre-edge peak (feature A) results from the excitation of 1s electrons to 3d 
states.
128,157,159,160
 Since this is a quadrupolar transition, it is much less intense than the higher 
energy dipolar transition.
157 
The intensity of the pre-edge peak increases upon substitution of Fe 
for Ti and is a result of a decrease in CN. As the CN decreases, inversion symmetry is lost and 
the metal 4p states mix with 3d states, which provides some dipole allowed character to the 
transition and leads to an increase in the intensity of the pre-edge peak.
128,129,146,157
 The more 
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intense main-edge region (features B and C in Figure 2.2) located at higher energy than the pre-
edge region results from the dipolar transition of 1s electrons to 4p states.
127,161 
The energy of 
feature B (and C) can shift because of changes in CN and/or oxidation state.
133,161
 Feature B 
(and C) can shift to higher energy with increasing oxidation because of reduced screening of the 
nuclear charge. Fewer electrons are available to screen the nuclear charge with increasing 
oxidation state, requiring more energy to remove core electrons.
133,161
 Feature B can also shift 
because of a change in CN. For example, a lower CN results in greater final state relaxation 
effects because of the presence of fewer electrons in the first coordination-shell that are available 
to screen the core-hole, which leads to a shift down in absorption energy.
130,131 
Feature C results 
from a dipolar transition of 1s electrons to 4p states that are hybridized with O 2p states and 
changes with CN.
130,131,158
 As the CN decreases, the number of Fe 4p-O 2p final states available 
for 1s electrons to be excited to also decreases, resulting in a decrease in the intensity of 
feature C.
130,131,162,163 
(This feature can also shift in energy because of a change in 
oxidation state.) 
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Figure 2.2 Fe K-edge XANES spectra from the Yb2Ti2-xFexO7-δ system. Feature A represents the 
pre-edge region and arises from 1s3d excitations. Features B and C represent the main-edge 
region and result from 1s4p transitions. (The separation between the pre- and main-edge 
regions is represented by a dashed-line.) The pre-edge region (Feature A) of the spectra from 
Yb2Ti2-xFexO7-δ is shown in the inset. The changes in intensity or energy of features A, B and C 
with increasing Fe content are marked by arrows. 
 
The oxidation state of Fe in Yb2Ti2-xFexO7-δ was studied by comparing the Fe K-edge 
spectra to those from La1-xSrxFeO3-δ annealed in O2(g) (Figure 2.3 and 2.4).
146,164
 In the 
La1-xSrxFeO3-δ series, the intensity and absorption energy of the three features (A, B and C) found 
in the Fe K-edge XANES spectra vary with composition. A systematic shift of the pre-edge peak 
(feature A) by ~0.5 eV was observed in the Fe K-edge spectra from La1-xSrxFeO3-δ as Sr
2+
 was 
substituted for La
3+ 
(Figure 2.3). Previous examinations of the pre-edge region of Fe K-edge 
XANES spectra have shown that the energy of this feature shifts because of variations in Fe 
oxidation state and that it is not affected by changes in CN, unlike the Ti K-edge pre-edge peak 
(vide infra).
128-130,165 
The shift in energy of the pre-edge peak in the Fe K-edge spectra from 
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La1-xSrxFeO3-δ is a result of the increased oxidation state of Fe (from Fe
3+
 to Fe
4+
) with greater 
Sr
2+
 incorporation. The intensity of feature A was also observed to increase with greater Sr
2+
 
incorporation, suggesting that the material is oxygen deficient and that not all Fe
3+
 is oxidized to 
Fe
4+ 
(i.e., the Fe CN decreases with greater Sr incorporation).
144,147 
Features B and C (Figure 2.3) 
were also observed to shift to higher energy with increasing Sr content, which is expected if the 
oxidation state of Fe increases.
165
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Figure 2.3 Fe K-edge XANES spectra from the La1-xSrxFeO3-δ system. Feature A represents the 
pre-edge region and arises from 1s3d excitations. Features B and C represent the main-edge 
region and result from 1s4p transitions. (The separation between the pre-edge and main-edge 
regions is represented by a dashed-line.) The pre-edge region is shown in the inset. Arrows mark 
the changes observed in the spectra with increasing Sr content. 
 
The pre-edge peak positions from the spectra from the Yb2Ti2-xFexO7-δ series were 
compared to the pre-edge peak energies from the O2(g)-annealed LaFeO3 and SrFeO3 samples 
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(cf. Figure 2.4). The centroid of the pre-edge peak for all Yb2Ti2-xFexO7-δ compositions was in 
good agreement with that for LaFeO3, implying that all Fe ions have a 3+ oxidation state in this 
pyrochlore-type system. As has been explained earlier, the increase in intensity of feature A and 
the decrease in intensity of feature C in the Fe K-edge spectra from Yb2Ti2-xFexO7-δ (Figure 2.3) 
with increasing Fe incorporation implies that the Fe CN decreases. The shift of feature B to 
lower energy with increasing Fe content is also a result of a decrease in the CN of Fe with 
increasing Fe content.
130,131
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Figure 2.4 The pre-edge region from the Fe K-edge XANES spectra for Yb2Ti2-xFexO7-δ 
(x=0.05, 0.10), LaFeO3, and SrFeO3 are presented. The centroid of the pre-edge peak for all 
Yb2Ti2-xFexO7-δ compositions coincides with that of LaFeO3. 
 
2.3.3 Fe L2,3-edge XANES 
Fe L2,3-edge XANES spectra were collected to better understand how the Fe CN changes 
in the Yb2Ti2-xFexO7-δ system depending on substitution. According to dipole selection rules, the 
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Fe L2,3 absorption edges correspond to excitations of Fe 2p core level electrons into unoccupied 
Fe 3d or 4s states, although the 2p→3d excitations dominate.166 The intensity, peak shape, and 
energy of the metal L2,3 absorption edge is sensitive to the chemical environment, valence state, 
crystal-field splitting energy, and electronic effects (multiplet effects).
166-169
 The Fe L3-edge 
XANES spectra are shown in Figure 2.5. The line shape and energy of the Fe L3-edge spectrum 
from Yb2Ti1.95Fe0.05O7-δ is very similar to that from Fe2O3, confirming that Fe has a 3+ oxidation 
state.
166
 When Fe
3+
 is in an octahedral environment, feature D is a result of excitations to 3d t2g 
states while feature E results from excitations to 3d eg* states.
171-173
 The intensity of these two 
features changes upon changing CN.
169,174,175
 As Fe
3+
 goes from occupying an octahedral 
environment to a tetrahedral environment, the ratio of unoccupied 3d states changes from 3:2 
(t2g:eg
*
; low energy:high energy) to 2:3 (e:t2
*
). This change in distribution of unoccupied 3d 
states results in a decrease in intensity of peak D and an increase in intensity of peak E.
175
 The 
decrease in intensity of feature D and the increase in intensity of feature E in the spectra 
presented in Figure 2.5 with increasing Fe incorporation in Yb2Ti2-xFexO7-δ imply that the Fe CN 
decreases with greater x. This suggestion is further corroborated by the shift of feature E to lower 
energy by ~0.1 eV as Fe was substituted for Ti in Yb2Ti2-xFexO7-δ. This shift is attributed to the 
lower crystal field splitting energy of 3d states in a tetrahedral geometry vs. when Fe is in 
octahedral environment.
176
 These observations indicate that the average CN of Fe decreases from 
6 to a mixture of 4 and 6 with greater Fe content (i.e., the Fe L3-edge results are in good 
agreement with the Fe K-edge spectra). 
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Figure 2.5 Fe L3-edge XANES spectra from the Yb2Ti2-xFexO7-δ series.  The changes in intensity 
of features D and E with increasing Fe content are marked by arrows. 
 
2.3.4 Ti K-edge XANES 
The normalized Ti K-edge spectra from Yb2Ti2-xFexO7-δ (0≤x≤0.2) are shown in Figure 
2.6 and contain both pre-edge (1s→3d) and main-edge (1s→4p) excitations.159,177 Three features 
are observed in the pre-edge region (A1, A2 and A3), and result from excitations to crystal field 
split 3d states as well as non-local excitations.
176
 When Ti is in a 6-coordinate environment, the 
first peak (A1) results from a 1s→3d-t2g excitation while feature A2 results from a 1s→3d-eg
*
 
excitation. The third peak (A3) is a result of a non-local (intersite hybrid) excitation, which 
results from a transition of 1s electrons to 3d states of a next-nearest neighbour transition metal 
through O 2p-states and the Ti 4p-states of the absorbing atom.
161
  
The intensity and energy of feature A2 in the pre-edge region of the Ti K-edge spectra 
from Yb2Ti2-xFexO7-δ (Inset of Figure 2.6) changes with increasing x. The increase in intensity is 
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a result of a decrease in the Ti CN.
129,131,178,179
 The pre-edge intensity changes for the same 
reasons provided above when discussing the Fe K-edge XANES spectra (Section 
3.2).
129,131,157,178
 The small shift of feature A2 to lower energy with increasing Fe incorporation is 
a result of greater final-state relaxation resulting from a change in the screening of the final state 
core-hole with decreasing CN.
129,159,178,179 
The absolute reason for the shifts in energy of the pre-
edge peaks observed in the Ti K-edge spectra but not in Fe K-edge spectra is not known, but it 
may be due to the poorer screening of the core-hole by the empty Ti 3d states compared to that 
of half-filled Fe 3d states.
160,165
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Figure 2.6 Ti K-edge spectra from the Yb2Ti2-xFexO7-δ series. Feature A represents the pre-edge 
region, and features B and C represents the main-edge region. An expanded view of the pre-edge 
region is shown in the inset. 
 
The main-edge absorption peak (features B and C) results from a dipolar transition of 1s 
electrons to 4p states.
161,177
 The decrease in intensity and energy of the main-edge with 
increasing Fe incorporation is a result of a decrease in the Ti CN. These changes occur for 
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similar reasons described about with respect to the Fe K-edge XANES spectra (Section 
2.3.2).
158,162,163,169
 
2.3.5 Ti L2,3-edge XANES 
Ti L2,3-edge spectra were also collected from the Yb2Ti2-xFexO7-δ series to probe the Ti 
CN. The Ti L3-edge XANES spectra are shown in Figure 2.7 and result primarily from 2p→3d 
excitations.
170,180
 The spectral peaks are broadened by final-state interactions, including multiplet 
interactions.
170,181 
The splitting of the most intense peaks is due to the crystal field splitting of Ti 
3d states.
180
 Assuming that Ti has an octahedral coordination in Yb2Ti2O7, the Ti 3d t2g orbitals 
are not involved in bonding and this gives rise to a single sharp peak in the L3-edge (Feature D in 
Figure 2.7). If the TiO6 octahedra are distorted, as is the case in Yb2Ti2O7, then this results in the 
splitting of the eg
*
 states into nondegenerate states, which leads to the asymmetric eg
*
 peak 
(feature E) that is shown in Figure 2.7.
182-184
 To understand how the Ti CN changes with Fe 
incorporation in Yb2Ti2-xFexO7-δ, the Ti L3-edge spectra can be compared to previously reported 
spectra from systems having well defined Ti coordination environments.
180
 If the intensity ratio 
of features D and E is large (D:E ~1:3), then this is indicative of the presence of Ti having a CN 
of 5; however, the D:E intensity ratio is much smaller when the CN is 6 or 4.
180
 The line shape 
and intensity ratio (~ 1:1) of features D and E from the Ti L3-edge presented in Figure 2.7 is 
indicative of either 6-coordinate Ti or Ti having both 4- and 6-coordinate environments (i.e., no 
5-coordinate Ti appears to be present). As the coordination environment of Ti is reduced from 
octahedral to tetrahedral, the ratio of unoccupied 3d states (D:E) changes from 3:2 (t2g:eg
*
) to 2:3 
(e:t2
*
). As shown in Figure 2.7, the decrease in intensity of feature D with greater Fe 
incorporation in the Yb2Ti2-xFexO7-δ series (and the more symmetric nature of feature E) implies 
that the Ti CN decreases from 6 to a mixture of 4 and 6.
180,183,185
 This explanation is further 
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verified by the shift of feature E to lower energy with greater Fe incorporation. This shift in 
energy is a result of the lower crystal field splitting energy of Ti
4+
 when it is in a tetrahedral 
environment compared to an octahedral environment. These observations indicate that the Ti CN 
decreases with greater Fe incorporation in Yb2Ti2-xFexO7-δ, and are consistent with the Ti K-edge 
spectra presented above. 
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Figure 2.7 Ti L3-edge XANES spectra from Yb2Ti2-xFexO7-δ. The arrows show the change in 
intensity of feature D and the change in energy of feature E that occurs as Fe substitutes for Ti.  
 
2.4 Conclusions 
The Yb2Ti2-xFexO7-δ system was synthesized by a solid state reaction and the phase purity 
and lattice parameters were analyzed using powder XRD. A slight decrease in the unit cell with 
greater Fe content was observed in the Yb2Ti2-xFexO7-δ series. These systems were thoroughly 
studied by XANES to investigate the change in oxidation state and CN of the transition-metals 
upon substitution of Fe. Examination of Fe K-edge XANES spectra revealed that Fe adopts an 
oxidation state of 3+ rather than 4+ in Yb2Ti2-xFexO7-δ, and that the CN of Fe decreases with 
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greater x. The decrease in CN of Fe from ~6 to between 6 and 4 with increasing Fe content was 
observed by the investigation of Fe L3-edge spectra from Yb2Ti2-xFexO7-δ. Analysis of Ti K- and 
L3-edge XANES spectra from Yb2Ti2-xFexO7-δ revealed that the Ti CN decreases with greater Fe 
incorporation. These spectra also showed that Ti appears to be present in 6- and 4-coordination 
environments but not in a 5-coordination environment. The presence of only Fe3+ in this system 
allows the chemical formula to be written as Yb2Ti2-xFexO7-x/2. A greater understanding of these 
oxygen deficient materials has been achieved, which will be useful if they are to be developed 
for solid oxide fuel cell and/or nuclear waste immobilization applications. 
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Chapter 3 
An X-ray absorption spectroscopic study of the effect of 
bond covalency on the electronic structure of Gd2Ti2-xSnxO7
*
 
 3.1 Introduction 
 The titanate and stannate pyrochlores have a wide range of technologically important 
properties, which are related to their remarkable compositional diversity and structural 
flexibility.
64,79,137,141,186,187
 These compounds can exhibit resistance to radiation induced 
structural damage, making them useful for nuclear waste sequestration applications.
87,88,188 
Systematic ion beam irradiation studies of rare-earth titanate and stannate pyrochlores have 
demonstrated the importance of the electronic structure and metal-oxygen bond interactions to 
the ability of these materials to resist radiation induced structural damage.
87-89,188
 Investigations 
of Y2Ti2-xSnxO7 and La2(Sn,Ti)2O7 have shown that the resistance to radiation induced 
amorphization appears to increase with greater Sn substitution.
65,189
 Gd2Ti2-xSnxO7 compounds 
have also been found to exhibit fast ionic conduction, making them viable in solid oxide fuel 
cells.
79,137
 Studies of Gd2Ti2-xSnxO7 (and Y2Ti2-xSnxO7) have suggested that the high ion 
conductivity is due the presence of anti-site disorder, as is found in Gd2Ti2-xZrxO7.
79,190
 This is 
expected due to the similar ionic radii of Gd (and Y) and Sn cations.
79,186
 However, Rietvield 
analysis of powder XRD and powder neutron data from Gd2Ti2-xSnxO7 and Y2Ti2-xSnxO7 have 
shown that there is no significant anti-site disorder in stannate materials, which has been 
ascribed to the covalent character of  the Sn-O interactions.
89,191
 The presence of Sn-O covalent 
bond interactions has been shown to lead to the lattice adopting an ordered pyrochlore structure 
rather than the disordered defect fluorite structure, which would affect the resistance to radiation 
*
 A version of this Chapter has been published. Reprinted with permission from Aluri, E. R.; Grosvenor, 
A. P.  Phys. Chem. Chem. Phys. 2013, 15, 10477. © 2013 The Royal Society of Chemistry 
doi: 10.1039/c3cp51250a 
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induced structural damage of these materials.
89,191 
Therefore, it is important to understand how 
the substation of elements having different electronegativity values influence the bonding 
interactions between metal and oxygen.
 
 X-ray absorption near-edge spectroscopy (XANES) is a technique that can be used to 
study changes in the electronic structure and local environment of atoms within a material 
because of variations in bond length and covalency of metal-oxygen bonds upon 
substitution.
121,125
 XANES is also sensitive to changes in the local coordination environment of 
atoms in materials.
159,192,193
 For example, in the previous Chapter, it was shown that the 
coordination number (CN) of both Ti and Fe decreases in Yb2Ti2-xFexO7, which adopts the 
pyrochlore-type structure, as Fe
3+
 replaces Ti
4+
. In the current Chapter, XANES spectra from 
the Ti K-, Sn L3-, Sn K-, and Gd L3-edges have been collected to investigate how the electronic 
structure changes upon varying Sn content in the Gd2Ti2-xSnxO7 system (0 ≤ x ≤ 2). Partial 
density of states (DOS) calculations have also been performed for Y2Ti2-xSnxO7 to aid in the 
interpretation of the Sn L3- and Ti K-edge XANES spectra. Additionally, Sn L3- and Ti K-edge 
spectra from Y2Ti2-xSnxO7 have been examined to confirm these calculations. 
3.2 Experimental 
3.2.1 Synthesis 
 The Gd2Ti2-xSnxO7 (x = 0.0, 0.5, 1.0, 1.5, 2.0) materials were synthesized by the ceramic 
method. Gd2O3 (Alfa Aesar, 99.99%), TiO2 (Alfa Aesar, 99.9%), and SnO2 (Alfa Aesar, 99.9%) 
powders were mixed in stoichiometric amounts and pressed into pellets uniaxially at 6 MPa. 
These pellets were placed in aluminum crucibles and heated in air at 1400
o
C over 9 days with 
intermediate grinding and pelleting until phase-pure materials were formed. All materials were 
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quench cooled in air. The Y2Ti2-xSnxO7 (x = 0.0, 1.0, 2.0) and La2Sn2O7 samples were 
synthesized using the ceramic method as described above to support the interpretation of the 
XANES spectra. Stoichiometric amounts of Y2O3 (Alfa Aesar, 99.99%), TiO2 (Alfa Aesar, 
99.9%), and SnO2 (Alfa Aesar, 99.9%) were used in the synthesis of Y2Ti2-xSnxO7, and La2O3 
(Alfa Aesar, 99.99%) and SnO2 (Alfa Aesar, 99.9%) powders were mixed in stoichiometric 
amounts to prepare La2Sn2O7. The phase purity of all samples was confirmed by powder X-ray 
diffraction (XRD). Powder XRD patterns from each sample were collected using a PANalytical 
Empyrean X-ray diffractometer and a Cu Kα1,2 X-ray source operating at 45 kV and 40 mA. The 
lattice constants from the Gd2Ti2-xSnxO7 and Y2Ti2-xSnxO7 systems were determined using the 
HighScore Plus Software package and were found to increase linearly with greater Sn content, 
in agreement with Vegard’s law.150,194  
3.2.2 XANES 
 The Ti K-, Sn L3-, Sn K- and Gd L3-edge XANES spectra from Gd2Ti2-xSnxO7 were 
collected using the Pacific Northwest Consortium/X-ray Science Division Collaborative Access 
Team (PNC/XSD-CAT, Sector 20) bending magnetic beamline (20BM) located at the Advanced 
Photon Source (APS), Argonne National Laboratory.
195
 Additionally, Sn L3- and Ti K-edge 
XANES spectra from the La2Sn2O7 and Y2Ti2-xSnxO7 (x = 0.0, 1.0 and 2.0) samples were also 
collected. A Si (111) double crystal monochromator with harmonic rejection was used, providing 
a photon flux of ∼1011 photons/s. The spectral resolution is 0.5 eV at 3929 eV (Sn L3-edge), 0.7 
eV at 4966 eV (Ti K-edge), 1.0 eV at 7000 eV (Gd L3-edge), and 4.1 eV at 29200 eV (Sn 
K-edge).
151,195
 The spectra were recorded in transmission mode using ionization chambers filled 
with He(g) and N2(g) (70%:30% for the Ti K-edge; 80%:20% for the Sn L3-edge; and 0%:100% 
for the Gd L3- and Sn K-edges) to achieve optimal absorption edge step heights and signal to 
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noise ratios. The fluorescence yield spectra were collected using either a 13-element Ge detector 
(Gd2Ti2-xSnxO7) or a single element Vortex detector (Y2Ti2-xSnxO7 and La2Sn2O7). Only the 
spectra collected in transmission mode are reported here. Samples were prepared by finely 
grinding the materials and sealing the powder between layers of Kapton tape. The thickness of 
these samples was varied by adding or removing layers of powder between tape to maximize the 
absorption-edge step height. 
XANES data were collected using a 0.15 eV per step through the Ti K-, Sn L3-, and 
Gd L3-edges, and 1.5 eV per step through the Sn K-edge. Energy calibrations were performed by 
simultaneously collecting spectra from the respective metal and metal oxides, and setting the 
edge energies to known values. The Ti K-edge spectra were calibrated using Ti metal (4966 eV), 
the Sn L3-edge spectra were calibrated using Sn metal (3929 eV), and the Sn K-edge spectra 
were also calibrated using Sn metal (29200 eV).
151 
The Gd L3-edge spectra were calibrating 
using Gd2O3 (7243 eV) and the absorption-edge energy of Gd2O3 was determined by calibrating 
the spectrum from this oxide using Fe metal foil, which has an absorption-edge energy of 
7110 eV.
151
 Calibration and normalization of all of the spectra analysed was performed using the 
Athena software program.
152
 
3.2.3 Electronic structure calculations 
 Electronic structure calculations were performed to aid in the interpretation of the 
Ti K- and Sn L3-edge XANES spectra using the self-consistent tight-binding linear-muffin-tin 
orbital model and the atomic spheres approximation (TB-LMTO-ASA).
196
 These calculations 
were performed for Y2Ti2-xSnxO7 because of the difficulties in performing these calculations on 
systems having partially occupied f-orbitals (e.g., Gd2Ti2-xSnxO7). The density of states (DOS) 
were calculated for the Y2Ti2O7 and Y2Sn2O7 pyrochlore-type oxides using previously reported 
structural parameters.
197
 To calculate the DOS for Y2TiSnO7, a super cell was created that 
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contained two pyrochlore unit cells joined along the a-axis with an equal number of Ti and Sn 
atoms being placed in alternating sites. This new unit cell allocates the Ti and Sn atoms 
individually into the B sites, and the space group of the new unit cell was determined using the 
symmetry reduction program provided with the TB-LMTO-ASA calculation package.
196
 The 
Brillouin zone integration was performed over a total of 512 k-points. The total DOS and partial 
DOS for Sn, Ti, and O orbitals were calculated.  
3.3 Results and discussion  
3.3.1 Structure 
 The powder XRD patterns from the Gd2Ti2-xSnxO7 series (0.0 ≤ x ≤ 2.0) are shown in 
Figure 3.1. All materials were phase-pure and the powder patterns compare well to calculated 
powder patterns for Gd2Ti2O7 and Gd2Sn2O7, which adopt the pyrochlore-type structure.
191,198
 
The lattice constants (Table 3.1) were found to increase linearly as Sn is incorporated into the 
Ti-site of Gd2Ti2-xSnxO7, in agreement with Vegard’s law.
193
 The observed increase in the lattice 
constant with greater Sn content is due to the larger ionic radii of 6-coordinate Sn
4+ 
(rSn4+ = 0.690 
Å) as compared with Ti
4+
 (rTi4+ = 0.605Å).
155
 The intensities of the super structural peaks (odd 
lattice planes) observed in the powder patterns from these pyrochlore-type oxides were observed 
to decrease with greater Sn incorporation. The decrease in the intensities of the super structural 
peaks is mainly caused by the progressive decrease in the difference in the average scattering 
power between the A- and B-site ions with increasing Sn incorporation.
89,193
 Previous studies of 
stannate pyrochlores (e.g., Gd2Ti2-xSnxO7 and Y2Ti2-xSnxO7) have determined the site 
occupancies of the metal sites by performing a Rietvield analysis of powder XRD data. These 
studies have shown that the amount of cation anti-site disorder experienced in stannate materials 
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is considerably less (~ 5 % in Gd2Sn2O7) than is found in zirconate pyrochlore materials (~30% 
in Gd2Zr2O7).
89,199,200
 The lack of significant cation anti-site disorder has been attributed to the 
covalency of the Sn-O interaction in the B-site, which is supported by the examination of 
XANES spectra (vide infra). The powder diffraction patterns of Y2Ti2-xSnxO7 are shown in 
Figure A1.1 (Appendix 1 information) and the lattice constants (Table A1.1; Appendix 1) were 
also found to increase with greater Sn content.   
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Figure 3.1 XRD patterns from the Gd2Ti2-xSnxO7 series are shown. The diffraction peaks shift to 
lower 2θ with increasing Sn content. The odd lattice planes (super structural peaks) are marked 
by stars. 
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Table 3.1 Lattice constants from the Gd2Ti2-xSnxO7 series 
Gd2Ti2-xSnxO7 
x a (Å) 
0.0 10.1845(2) 
0.5 10.2575(6) 
1.0 10.3228(7) 
1.5 10.3905(5) 
2.0 10.4498(2) 
 
3.3.2 Ti K-edge XANES 
 XANES is sensitive to changes in the electronic structure and crystal structure of 
materials.
121,125
 The examination of these spectra has allowed for a study of the influence of 
metal substitution on covalency, bond length, and the overall electronic structure of the 
Gd2Ti2-xSnxO7 system. The normalized Ti K-edge spectra from Gd2Ti2-xSnxO7 are presented in 
Figure 3.2 and compare well to previously reported K-edge XANES spectra from oxides 
containing Ti
4+
 in a 6-coordinate environment.
159,192
 These spectra result from 1s3d 
(quadrapolar; pre-edge (A)) and 1s4p (dipolar; main-edge (B)) transitions.159,177 Three features 
(A1, A2 and A3) are observed in the pre-edge region and result from both local and non-local 
excitations.
161,176
 Feature A1 in the pre-edge region results from pure local 1s3d-t2g excitations. 
The low energy region of feature A2 results from local 1s3d-eg
* 
excitations, while the higher 
energy region results from non-local (intersite-hybrid) excitations of 1s electrons to d-
 
states of 
next-nearest neighbour atoms that overlap with Ti 4p states of the absorbing atom via O 2p 
states.
176
 Feature A3 is a result of pure non-local (intersite-hybrid) excitations.
161,176 
Feature C in 
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the high energy region of the spectra is most likely a result of multi-scattering resonances. 
Multi-scattering peaks occur when the core electron is ejected from the atom and is backscattered 
by multiple neighbouring atoms (i.e., EXAFS; extended X-ray absorption fine structure), 
resulting in constructive and destructive interference.
201
 All of the features observed in the 
spectra (A, B, C) change in a systematic way with substitution of Ti for Sn. The changes in the 
pre-edge region (A) are discussed first, followed by a discussion of why the main-edge (B) 
region shifts in energy. The shifts in energy of the main-edge (B) region with varying 
composition are discussed below by comparing the Ti K-edge XANES spectra from 
Y2Ti2-xSnxO7 to those from (Y,Gd)2Ti2O7, and to the calculated partial DOS for the Y2Ti2-xSnxO7 
compounds.  
 The intensity of feature A1 does not change considerably in the spectra from 
Gd2Ti2-xSnxO7 (Figure 3.2a); however, the intensities of feature A2 and feature A3 do change 
dramatically depending on composition. As was stated above, feature A1 (and the low-energy 
side of feature A2) result from local 1s 3d transitions. The intensity of pre-edge features 
resulting from local excitations change considerably because of changes in CN or distortion of 
the local coordination environment.
129,159,202 
As the CN changes, the variation in the amount of 
overlap between Ti 3d and Ti 4p states can change the dipolar character of the transition, leading 
to changes in the intensity of these features.
129,178 
As limited anti-site disorder is present in these 
materials, the Ti CN remains fairly constant regardless of composition and is the reason for why 
the intensity of feature A1 does not change in these materials.
89,199
 The intensities of feature A3 
and feature A2 (particularly the high-energy side of this feature) change because of variations in 
the intersite-hybrid transitions.
176,203
 The decrease in intensity of these two features with greater 
Sn content is related to the concentration of unoccupied next-nearest neighbour d orbitals.
203
 As 
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Sn is substituted for Ti, fewer unoccupied next nearest neighbour Ti 3d states are available for 1s 
electrons from the absorbing atom to be excited to, resulting in a decrease in the intensity of 
feature A3 and the high energy region of feature A2. The observation of a reduction of the 
intensity of intersite-hybrid peaks because of a decrease in the number of unoccupied 
next-nearest neighbour d-states has not been observed often.
203 
Examination of the first derivative of the spectra from Gd2Ti2-xSnxO7 (Figure 3.2b) shows 
that the main-edge energy (feature B) shifts to higher energy with greater Sn incorporation. A 
shift in the absorption energy can result from both ground-state and final state effects. Final-state 
effects occur due to the relaxation of electrons towards the core-hole produced during the 
excitation and are sensitive to changes in the chemical environment.
174,204
 For example, a lower 
CN results in greater final state relaxation effects due to the presence of fewer electrons in the 
first coordination shell that are available to screen the core-hole.
130,174
 Ground-state effects, on 
the other hand, mainly occur due to changes in the charge and bonding environment of the 
absorbing atom, leading to a change in the screening of the nuclear charge of the absorbing atom. 
For example, feature B could shift to higher energy due to the development of a more positive 
charge on Ti with greater Sn substitution in Gd2Ti2-xSnxO7 (χsn  = 1.8  > χTi = 1.5).
205
 A more 
positive charge on a Ti ion would cause a more attractive potential to act on the core electrons; 
leading to a positive shift in absorption energy. Feature B could also shift by varying the distance 
from the surrounding atoms to the absorbing atom (bond-length). The average Ti-O bond length 
increases with increasing Sn content owing to the increased ionic radius of Sn
4+
 compared to 
Ti
4+
, and could result in a decreased screening of the Ti nuclear charge by the electrons from the 
oxygen anions in the first coordination shell.
155 
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Figure 3.2 (a) Ti K-edge XANES spectra from the Gd2Ti2-xSnxO7 system. Feature A (A1, A2, and 
A3) represents the pre-edge region and arises from 1s3d excitations. Features B and C 
represent the main-edge region and result from 1s4p transitions. (The separation between the 
pre- and main-edge regions is represented by a dashed-line.) The pre-edge region is shown in the 
inset. Arrows mark the changes observed in the spectra with increasing Sn content. The multi-
scattering peak (feature C) shifts to lower energy, decreases in intensity, and becomes broader 
with increasing Sn content. The increase in the Ti-O bond distance causes a longer 
multi-scattering resonance path length, leading to a shift of this feature to lower energy.
201
 
(b) The first derivative of the Ti K-edge XANES spectra from Gd2Ti2-xSnxO7 is shown. The first 
derivative of the spectra has been smoothed, and the vertical dashed lines represent the peak 
energies of feature B from the Gd2Ti2-xSnxO7 series when x = 0.0 and 1.5. 
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The Ti K-edge XANES spectra from Y2Ti2-xSnxO7 were compared to the calculated 
partial DOS for these materials to confirm if the shifts observed in the Ti K-edge XANES spectra 
from Gd2Ti2-xSnxO7 result from final-state or ground-state effects (Figures 3.3 and 3.4). The 
intensity and absorption energy of the features found in the Ti K-edge spectra from 
the Y2Ti2-xSnxO7 series vary with Sn composition (Figure 3.3). The intensity of the pre-edge 
features (A2 and A3) decrease with greater Sn incorporation in Y2Ti2-xSnxO7, as was observed for 
Gd2Ti2-xSnxO7, and is a result of fewer unoccupied next-nearest neighbour d-states being 
available to excite 1s electrons to (vide supra). The first derivative of the main-edge region of the 
Ti K-edge XANES spectra from Y2Ti2-xSnxO7 is shown in Figure 3.3b and the peak maximum 
(feature B) is observed to shift to higher energy (~0.8 eV) with increasing Sn substitution. The 
reason for why the absorption energy of feature B shifts to higher energy in Y2Ti2-xSnxO7 with 
increasing Sn content can be analysed by examination of the calculated partial DOS from 
Y2Ti2-xSnxO7 (Figure 3.4). Feature A in the XANES spectra (Figure 3.3) is assigned to the region 
of the Ti 3d partial DOS found between 1 and 5 eV (Figure 3.4b), whereas the main-edge region 
(feature B; Figure 3.3) of the Ti K-edge XANES spectra is assigned to the region of the Ti 4p 
partial DOS found between 9 and 14 eV (Figure 3.4a). The Ti 3d and 4p conduction states shown 
in Figure 3.4 are involved in Ti-O anti-bonding interactions. The small negative shift in energy 
observed for the Ti 3d partial DOS (~ -0.3 eV) and the significant shift to higher energy observed 
for the Ti 4p partial DOS (~ +0.8 eV) with greater Sn content is in agreement with the Ti K-edge 
XANES spectra from Y2Ti2-xSnxO7 (c.f. Figures 3.3 and 3.4). The DOS calculation confirms that 
ground-state effects are at least primarily responsible for the changes observed in the spectra 
reported in this study, as the effect of a core-hole (i.e., final-state effects) was not considered 
during calculation. 
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Figure 3.3 (a) Ti K-edge XANES spectra from Y2Ti2O7 and Y2TiSnO7 are shown. The changes 
in the intensity and energy of the various features with increasing Sn content are marked by 
arrows. (b) The first derivative of the Ti K-edge XANES spectra from Y2Ti2O7 and Y2TiSnO7 
are shown. The vertical dashed lines represent the energies of feature B in the spectra from these 
materials. 
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Figure 3.4 (a) The partial DOS calculations of the Ti 4p states from Y2Ti2-xSnxO7 are presented, 
and have been plotted relative to the Fermi level (0 eV). The Ti 4p states found between 9 and 
14 eV were observed to shift to higher energy (~ +0.8 eV) with increasing Sn content which is 
marked by vertical lines. (b) The Ti 3d partial DOS calculations from Y2Ti2-xSnxO7 are 
presented. The Ti 3d states were observed to shift by ~ -0.3 eV with increasing Sn incorporation, 
which is significantly smaller than the shift observed for the Ti 4p states. 
 
As was explained above, an increase in the average Ti-O bond length with increasing Sn 
content could play a role in shifting the main-edge region to higher absorption energy because of 
ground-state effects. This was investigated by comparing the Ti K-edge XANES spectra of 
Y2Ti2O7 and Gd2Ti2O7 (Figure 3.5). The Ti-O bond length was observed to increase on going 
from Y2Ti2O7 to Gd2Ti2O7 by comparison of previously reported crystal structure data (Table 
3.2) and Ti K-edge EXAFS data examined in this present study (not shown).
198,206
 As the Ti-O 
bond length increases, a very slight shift (~0.3 eV) to higher energy was observed from the first 
derivative of the main edge region of the Ti K-edge XANES spectra from Y2Ti2O7 and Gd2Ti2O7 
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(Figure 3.5b). However, the shift to higher absorption energy with increasing bond length is 
much smaller than the shift observed in the spectra from Y2Ti2-xSnxO7 (~0.8 eV) even though the 
percent change in the Ti-O bond length is similar. Because of this, it is proposed here that the 
shift in energy of feature B observed in the Ti K-edge XANES spectra from Y2Ti2-xSnxO7 is 
primarily a result of a change in the covalency of the Ti-O bond. As the Sn content increases in 
Y2Ti2-xSnxO7, the more covalent Sn-O interaction leads to an increase in the ionic strength of the 
Ti-O bond to ensure charge balance, as Sn is more electronegative than Ti 
(χsn  = 1.8  > χTi = 1.5).
205
 As the ionic character of the Ti-O bond increases with greater Sn 
content, a more positive charge develops on Ti. This results in a reduced ground-state screening 
of the nuclear charge and is observed as a shift to higher energy with greater Sn incorporation of 
region B in the Ti K-edge XANES spectra.
203
 No significant shifts were observed in the pre-edge 
region (feature A) of the Ti K-edge XANES spectra from Y2Ti2-xSnxO7 with greater Sn content 
(Figure 3.3). It is hypothesized here that a change in the covalency of the Ti-O bond influences 
the energy of the Ti 3d – O 2p antibonding states to a smaller degree than the Ti 4p – O 2p 
antibonding states, which is in agreement with the calculated partial DOS from these materials 
(Figure 3.4). 
Table 3.2 Ti-O and Sn-O bond lengths from RE2Ti2O7 (RE = Y and Gd) and RE2Sn2O7 (RE = Y, 
Gd, and La) determined using previously reported crystallographic information.
198,201,206 
 
RE RE2Ti2O7 
Ti-O (Å) 
RE2Sn2O7 
Sn-O (Å) 
Y 1.955 2.043 
Gd 1.977 2.050 
La - 2.074 
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Figure 3.5 (a) Ti K-edge XANES spectra from Y2Ti2O7 and Gd2Ti2O7 are shown. (b). The first 
derivative of the Ti K-edge XANES spectra from Y2Ti2O7 and Gd2Ti2O7 are shown. The vertical 
dashed lines represent the peak energies from Y2Ti2O7 and Gd2Ti2O. An increase in the energy 
of feature B with increasing Sn incorporation is marked by an arrow. 
 
The shifts in absorption energy observed in the Ti K-edge XANES spectra from the 
Gd2Ti2-xSnxO7 series were compared to the shifts from Y2Ti2-xSnxO7. The first derivative of the 
main-edge region from the Ti K-edge XANES spectra of Gd2Ti2-xSnxO7 are shown in Figure 
3.2b. The peak maximum (feature B) is observed to shift to higher energy (~0.9 eV) over the 
range of substitution, which is in good agreement with the shift in energy observed for the 
Y2Ti2-xSnxO7 series with greater Sn content. This implies that feature B in the Ti K-edge XANES 
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spectra from these Gd2Ti2-xSnxO7 materials also shift because of a change in the Ti charge (i.e., 
increase in the ionic character of the Ti-O bond) as more Sn is substituted into the system.  
3.3.3 Sn L3-edge XANES 
The normalized Sn L3-edge spectra from the Gd2Ti2-xSnxO7 series were collected to probe 
the effects of covalency on Sn as the composition was varied and are presented in Figure 3.6. 
The Sn L3-edge spectra exhibit two features that result from 2p3/25s (Feature A) and 
2p3/25d (Feature B) excitations, respectively.
207-209 
The shape, position, and intensity of 
feature B change with varying Sn concentration while feature A does not change. The line shape 
and position of feature B (and A) in the Gd2Ti2-xSnxO7 spectra are interpreted below by first 
comparing the Sn L3-edge spectra from Y2Ti2-xSnxO7 and RE2Sn2O7 (RE=Y, Gd, and La), and by 
comparing the spectra from Y2Ti2-xSnxO7 to the calculated partial DOS from these compounds.  
A broader peak (C) is also observed at higher energy in all of these spectra (~3960 eV) and is 
presumed to result from multi-scattering resonances, as has been suggested previously.
208,209
 
The intensity of feature B decreases with greater Sn incorporation in the Gd2Ti2-xSnxO7 
system. The observed decrease in intensity is attributed to the change in the covalency of the 
Sn-O bond, as the Sn-O bond becomes more covalent when Sn is substituted for Ti 
(χsn  = 1.8  > χTi = 1.5).
205
 With increasing covalency of the Sn-O bond, the Sn 5d states share 
more electrons with the O 2p states, which results in fewer unoccupied Sn 5d states being 
available for Sn 2p electrons to be excited to. This effect is observed in the spectra by a decrease 
in intensity of feature B with increasing Sn content.  
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Figure 3.6 Sn L3-edge spectra from the Gd2Ti2-xSnxO7 series. Feature A and B arise from 
2p3/24s and 2p3/25d excitations while Feature C (~3960 eV) arises from multi-scattering 
resonances. The changes in intensity and absorption energy of feature A, B, and C with greater x 
value are marked by the arrows. The multi-scattering peak (C) decreases in intensity and shifts to 
lower energy as the Sn substitutes for Ti in Gd2Ti2-xSnxO7, and is a result of an increase in the 
average Sn-O bond distance. 
 
Feature B was also observed to become narrower to lower energy in the Sn L3-edge 
XANES spectra with increasing Sn concentration, resulting in an overall decrease in the average 
absorption energy of this feature. The decrease in width of this feature and shift in average 
energy could result from changes in the bond length and/or changes in the charge of the 
absorbing atom. As Sn is substituted for Ti (χsn  = 1.8  > χTi = 1.5), the average Sn-O bond 
becomes more covalent, leading to a greater sharing of electrons between the Sn 5d and O 2p 
states and resulting in a decrease of the cationic charge of Sn.
205
 A reduction in Sn charge would 
lead to greater screening of the nucleus and would be observed as a decrease in the average 
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absorption energy of this feature. A change in bond-length could also influence the energy of 
feature B by changing the screening of the Sn nuclear charge. 
The shift in energy of features B and A in the Sn L3-edge XANES spectra from 
Gd2Ti2-xSnxO7 were studied by comparing the Sn L3-edge XANES spectra from Y2Ti2-xSnxO7 
and RE2Sn2O7 (RE = Y, Gd, and La), and by comparing the spectra from Y2Ti2-xSnxO7 to the 
calculated partial DOS of these materials (Figures 3.7, 3.8, and 3.9). The effect of bond length on 
the absorption energy of feature B was studied by comparison of the Sn L3-edge spectra of 
RE2Sn2O7 (RE=Y, Gd, and La) (Figure 3.7). The Sn-O bond length increases as the rare earth 
metal changes from Y to Gd to La (Table 3.2).
191
 This increase in Sn-O bond length would 
reduce the ability of the electrons from the O anions to screen the Sn nuclear charge, and this 
would be expected to result in an increase in the Sn absorption energy. The Sn L3-edge XANES 
spectra presented in Figure 3.8 clearly show that no change in energy of feature B occurs with 
varying Sn-O bond length. This observation implies that the shift in absorption energy of feature 
B in the spectra from Gd2Ti2-xSnxO7 is more likely a result of changes in the covalency of the 
Sn-O bond. 
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Figure 3.7 Sn L3-edge spectra from RE2Sn2O7 (RE= Y, Gd, and La) are shown. No significant 
variations in the features from Y2Sn2O7, Gd2Sn2O7 or La2Sn2O7 were observed. 
 
The effect of a change in covalency of the Sn-O bond was further investigated by 
comparing the Sn L3-edge XANES spectra from Y2Ti2-xSnxO7 to the calculated partial DOS from 
these materials. The intensity, position, and shape of feature B varies with Sn composition in the 
Sn L3-edge spectra of Y2Ti2-xSnxO7 (Figure 3.8). The intensity of feature B decreases with 
greater Sn incorporation in Y2Ti2-xSnxO7 and is a result of an increase in the covalency of the Sn-
O bond with increasing Sn content, as was discussed above when comparing the Sn L3-edge 
XANES spectra from Gd2Ti2-xSnxO7. Further, the line shape of feature B becomes narrower to 
lower energy and no significant change in feature A with increasing Sn substitution in 
Y2Ti2-xSnxO7 was observed, as was also the case for Gd2Ti2-xSnxO7. The partial DOS calculations 
of the Sn 5d states and Sn 5s states are shown in Figure 3.9. Feature B from the Sn L3-edge 
XANES spectra (Figure 3.8) corresponds to the region found between 9 and 20 eV in the plot of 
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the partial DOS and results primarily from Sn 5d states involved in Sn-O anti-bonding 
interactions (Figure 3.9a). Feature A in the Sn L3-edge XANES spectra (Figure 3.8) is assigned 
to the region located between 3 and 9 eV in the plot of the partial DOS and results from 5s states 
that are involved in Sn-O anti-bonding interactions (Figure 3.9b). The Sn 5d partial DOS 
calculations show that the width of the Sn 5d states becomes narrower to lower energy with 
increasing Sn content while the Sn 5s partial DOS show few variations in energy with increasing 
Sn content. Both of these results are in good agreement with the Sn L3-edge XANES spectra 
from Y2Ti2-xSnxO7 (cf. Figure 3.8 and Figure 3.9). As was suggested above, the lowering in 
energy of feature B in the spectra from the quaternary materials studied here (Y2Ti2-xSnxO7 and 
Gd2Ti2-xSnxO7) is a result of the increased covalency of the Sn-O interaction with greater Sn 
incorporation, leading to greater screening of the Sn nuclear charge. 
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Figure 3.8 Sn L3-edge spectra from Y2Ti2-xSnxO7 are shown. The changes in intensity and 
absorption energy of features with greater Sn incorporation are marked by the arrows. 
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Figure 3.9 The partial DOS calculations of the Sn 5d and Sn 5s states from Y2Ti2-xSnxO7 are 
shown, and are plotted relative to the Fermi level (0 eV). (a) The Sn 5d states become narrower 
to lower energy as the Sn concentration increases. (b) The Sn 5s states exhibit no significant 
change in energy with increasing Sn concentration. 
 
No significant shift in absorption energy of feature A in the Sn L3-edge XANES spectra 
from Gd2Ti2-xSnxO7, Y2Ti2-xSnxO7, or RE2Ti2O7 (Figures 3.6-3.8) was observed with varying 
composition. The calculated partial Sn 5s DOS from Y2Ti2-xSnxO7 also showed little change in 
energy depending on composition (Figure 3.9b). These observations imply that a change in the 
covalency of the Sn-O bond influences the energy of the Sn 5s-O 2p antibonding states to a 
much smaller degree than the Sn 5d-O 2p antibonding states. 
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3.3.4 Sn K-edge XANES 
 The Sn K-edge spectra from Gd2Ti2-xSnxO7 were collected to further study how the 
electronic structure of these compounds changes with greater Sn content (Figure 3.10). 
According to dipole selection rules, the Sn K-edge XANES spectrum results from the excitation 
of Sn 1s electrons to unoccupied Sn 5p states.
210
 Since the Sn 4d states are filled, the Sn K-edge 
spectrum does not display pre-edge features. (The Sn 5d states are higher in energy than the Sn 
5p states.) No significant changes were observed in the XANES spectra from Gd2Ti2-xSnxO7, 
which is attributed to the poorer resolution of these spectra, as compared to the Sn L3-edge 
spectra (see Section 3.2.2).
211 
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Figure 3.10 Sn K-edge XANES spectra from the Gd2Ti2-xSnxO7 system are presented. Feature A 
results from a 1s5p transition. No significant variations in feature A were observed with 
increasing Sn incorporation. 
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3.3.5 Gd L3-edge XANES 
Gd L3-edge XANES spectra were collected to study how the covalency of the Gd-O bond 
changes upon substitution of Ti for Sn in Gd2Ti2-xSnxO7. The spectra are shown in Figure 3.11 
and exhibit a white line that results from a 2p3/25d excitation.
211,212
 The intensity of the white 
line was observed to increase with greater Sn content and is attributed to an increase in the ionic 
character of the Gd-O bond, as the electronegativity of Gd is lower than that of either Ti or Sn 
(χsn = 1.72 > χTi = 1.32 > χGd = 1.14).
205
 As Sn substitutes for Ti, the ionic character of the Gd-O 
bond increases and leads to a decrease in sharing of electrons between the Gd 5d and O 2p states. 
This results in a greater number of unoccupied Gd 5d states being available for Gd 2p electrons 
to be excited to with increasing Sn content in Gd2Ti2-xSnxO7 and leads to the increase in peak 
intensity that is observed in Figure 3.11. 
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Figure 3.11 Gd L3-edge spectra from Gd2Ti2-xSnxO7. The intensity of the white line (2p3/25d) 
increases with greater Sn content. 
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3.4. Conclusions  
A greater understanding of the effect of covalency of the metal-oxygen bonds on the 
electronic structure of these pyrochlore-type materials has been achieved by the examination of 
XANES spectra. The Gd-O and Ti-O bonds become more ionic in the Gd2Ti2-xSnxO7 (and 
Y2Ti2-xSnxO7) materials with increasing Sn content while the Sn-O bonds become more covalent, 
leading to changes in energy and intensity of the collected spectra. This information is important 
to understanding how changes in bonding influence the resistance to radiation induced damage 
that has been reported for these materials depending on composition.
87,88,186
 This investigation 
has also shown how sensitive the Sn L3-edge XANES spectra are to variations in the electronic 
structure of materials compared Sn K-edge XANES spectra, which are more commonly studied. 
Finally, insights into how the intensity of intersite-hybrid features in transition-metal K-edge 
spectra can change depending on the concentration of next-nearest-neighbour metal atoms 
having unoccupied d-states have also been reported.  
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Chapter 4 
An investigation of the electronic structure and structural stability 
of RE2Ti2O7 by glancing angle and total electron yield XANES
*
 
4.1 Introduction  
In Chapter 2, the effect of reduced B-site cations and oxygen deficiency on the local 
coordination environment and oxidation state of transition metal was investigated through a 
study of Yb2Ti2-xFexO7-δ. In Chapter 3, the effect of changes in metal-oxygen bond covalency 
interactions was examined by studying Gd2Ti2-xSnxO7-δ. These previous Chapters discussed how 
the electronic and structural properties of pyrochlore-type oxides change depending on 
composition. The next step of this thesis work was to study the structural stability of these 
materials when exposed to radiation. Various techniques (e.g., TEM) have been used previously 
to probe the response of a material upon irradiation.
87,102
 The present Chapter has mainly focused 
on how surface sensitive glancing angle and total electron yield XANES (GA-XANES and 
TEY-XANES) experiments can be used to understand the effect of radiation induced structural 
damage on the structures of materials. 
Crystalline materials have been considered as potential nuclear wasteforms for the 
long-term storage of radioactive elements, which requires the structure of these materials to 
remain ordered for thousands of years.
8,9,41,87
 A key concern of these materials is the stability of 
the crystalline structure over thousands of years, which can be affected by the decay of 
radioactive elements.
32,41,213
 This was discussed previously in Section 1.2.1. The incorporated 
radioactive nuclear waste elements can release α-particles (β- or γ-particles can also be released 
* 
A version of this Chapter has been published. Reprinted with permission from Aluri, E. R.; Grosvenor, 
A. P. J. Alloys Comp. 2014, 616, 516-526. © 2014 Elsevier B.V. doi:10.1016/j.jallcom.2014.07.151 
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depending on the decay mechanism), and be transformed into daughter products during the 
radioactive decay process.
32,41,45
 The α-particles and the daughter products can have sufficient 
recoil energy to displace other atoms in the structure, leading to metamiction (i.e., the structure 
becomes amorphous).
46,214
 This process can also result in the development of crystal defects and 
swelling of the structure, which can affect the long-term chemical durability of the nuclear 
wasteform.
8,41,42
 Therefore, it is important to understand how the structure responds to 
radioactive decay of the incorporated actinide elements. Radiation-induced structural damage 
can be simulated by implanting the materials with high energy ions (e.g., Au
-
, Kr
+
, and 
Xe
+
).
41,78,83,87,88,102
 High energy (MeV) ion-implantation can produce a thin amorphous 
(damaged) layer, which is typically a few hundred nm thick.
102
 
As was discussed in previous Chapters, XANES is an element-specific method and gives 
detailed information about the coordination number (CN), oxidation state, and bonding 
environment of the element of interest.
131,202
 The most common measurement methods used to 
collect XANES spectra are transmission, total electron yield (TEY), and fluorescence yield 
(FLY).
119,125
 The spectra collected using these different detection methods probe different 
sampling depths.
125
 Transmission and fluorescence XANES measurements are inherently bulk 
sensitive whereas TEY-XANES measurements are surface sensitive.
102,119,120,124
 Surface 
charging can be problematic while recording the TEY-XANES spectra from thick pellets of 
poorly conductive materials.
215,216
 Although hard X-ray XANES spectra are generally bulk 
sensitive, surface sensitive detection methods such as glancing angle XANES and TEY-XANES 
measurements can be used to probe only the damaged surface layer of ion-implanted 
materials.
102,119,124,133,134
 In glancing angle XANES (GA-XANES) experiments, the incident 
X-ray beam angle is set to be just above the critical angle (the angle at which total external 
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reflection occurs) in order to selectively probe the surface layer. The spectra become more 
surface sensitive as the glancing angle decreases.  
Rare-earth titanate (RE2Ti2O7; RE (rare-earth)=La-Lu, and Y) pyrochlore-type oxides 
have been investigated for the sequestration of nuclear waste due to their resistance to 
radiation-induced structural damage, which depends on the rare-earth cation present.
87,217,218
 
RE2Ti2O7 crystallites have been examined previously using transmission electron microscopy 
(TEM) before and after implantation, and this previous study has shown that the resistance to 
radiation-induced structural damage increases with decreasing radius of the RE cation.
87
 Along 
with stoichiometric materials, oxygen deficient pyrochlore-type materials (Yb1.85Ca0.15Ti2O7-δ 
and Yb2Ti1.85Fe0.15O7-δ) can also be synthesized by the partial substitution of the A
3+
 or B
4+
 
cations by metals that have a lower oxidation state.
142,219
 The potential for developing chemically 
durable pyrochlore-type materials and their ability to reduce radiation-induced structural damage 
has led to increased interest in the use of these materials for nuclear waste sequestration 
applications.
78,87,50,198
 The objective of the present study was to demonstrate the ability of 
GA-XANES and TEY-XANES studies to probe the damaged surface layer of rare-earth titanate 
materials. This study has shown how GA-XANES and TEY-XANES, as well as powder XRD, 
can be used to study how the structural stability of RE2Ti2O7, Yb1.85Ca0.15Ti2O7-δ, and 
Yb2Ti1.85Fe0.15O7-δ pellets changes depending on composition. An effective way of collecting 
TEY spectra from thick pellets of poorly conducting pyrochlore-type oxides has also been tested 
and is discussed. 
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4.2 Experimental  
4.2.1 Synthesis 
 RE2O3 (Alfa Aesar, 99.99 %) and TiO2 (Alfa Aesar, 99.9%) powders were used to 
synthesize the RE2Ti2O7 (RE=Sm, Eu, Gd, Ho, Yb, Y) materials by the ceramic method and the 
synthesis process was described in previous Chapters (Sections 2.2.1 and 3.2.1). The materials 
were heated in air at 1400 
o
C over 6-9 days, with intermediate grinding and repelleting until 
phase purity was achieved. Yb2O3, TiO2, and CaCO3 (EMD, >99%) powders were mixed and 
first heated to 900 
o
C  to decompose the carbonate before being heated to 1400 
o
C and then 
quench cooled in air to synthesize Yb1.85Ca0.15Ti2O7-δ. The method used to synthesize 
Yb2Ti1.85Fe0.15O7-δ was discussed in Chapter 2 (Section 2.2.1). The phase purity of the 
synthesized materials was confirmed by powder X-ray diffraction (XRD) using a PANalytical 
Empyrean X-ray diffractometer and a Cu Kα1,2 X-ray source. A Rietvield refinement of the 
powder XRD patterns from some of the synthesized (undamaged) RE2Ti2O7 materials was 
performed using the High Score Plus Software package.
150
 The lattice constants, the x-coordinate 
of O in the 48f position (x48f), the overall thermal factor, and the line shape were all refined 
during analysis (Table A2.1 in Appendix 2). The phase-pure samples were repelleted at 8 MPa 
after being examined by powder XRD and heated at 1400 
o
C for 3 days to increase the hardness 
of these pellets before being implanted by Au
-
 ions. 
4.2.2 Ion beam implantation 
 Ion implantation of RE2Ti2O7 (RE=Sm, Eu, Gd, Ho, Yb, Y), Yb1.85Ca0.15Ti2O7-δ, and 
Yb2Ti1.85Fe0.15O7-δ was performed using the 1.7 MeV Tandetron accelerator located at Interface 
Science Western (ISW), University of Western Ontario. The ion beam was aligned normal to the 
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pellet surface during ion-implantation. All materials were implanted by 2 MeV Au
-
 ions to a dose 
of 5×10
14
 ions/cm
2
 at room temperature.  
 The Stopping and Range of Ions in Matter (SRIM-2013) software package was used to 
calculate the depth profiles and defect per ion profiles of the implanted RE2Ti2O7 
(RE=Sm, Gd, Yb), Yb1.85Ca0.15Ti2O7-δ, and Yb2Ti1.85Fe0.15O7-δ samples.
220
 The densities (ρ) of 
Sm2Ti2O7, Gd2Ti2O7, Yb2Ti2O7, Yb1.85Ca0.15Ti2O7-δ, and Yb2Ti1.85Fe0.15O7-δ used in the 
calculations were 6.17 g/cm
3
, 6.57 g/cm
3
, 7.16 g/cm
3
, 6.89 g/cm
3
, and 7.46 g/cm
3
, 
respectively.
198,219
 Ion implantation depth profile calculations were performed using five 
thousand (5000) 2 MeV Au
-
 ions and by assuming that the target displacement energies were 25 
eV for RE/Ti/Fe/Ca and 28 eV for O. These calculations (Figure 4.1a and Figure A2.1) predicted 
that the ions penetrate to a depth of ~100-450 nm for all samples. Profiles of the number of 
vacancies produced per Au
-
 ion are shown in Figure 4.1b and Figure A2.2. These calculations 
showed that the number of vacancies produced in the material reach a maximum at a depth of 
~200 nm, and that the number of vacancies decreases dramatically at deeper depths.  
4.2.3 Micro powder X-ray diffraction 
 Micro powder XRD (μ-XRD) patterns from the ion implanted samples were collected 
using the PANalytical Empyrean X-ray diffractometer described in Section 4.2.1. The diffraction 
patterns were collected to analyze the changes that occur in the long-range crystal structure of 
these titanate pyrochlore-type oxides after ion-implantation. μ-XRD analysis was performed by 
reducing the X-ray beam spot size to 200 μm using a mono-capillary collimator. Each implanted 
pellet was placed on a goniometer stage which permits translation in x-, y- and z-axis directions 
as well as tilting of the goniometer head. The surface of the implanted pellets was aligned to the 
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incident X-ray beam using a microscope and diffraction patterns were collected in the 2θ range 
of 10-55
o
. 
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Figure 4.1 (a) A plot of the ion beam implantation depth profile from Yb2Ti2O7 calculated using 
SRIM-2013 is shown. The calculation was performed using 5000 Au
-
 ions with the ion beam 
energy being 2 MeV. A plot of glancing angle versus X-ray attenuation depth for Yb2Ti2O7 is 
also included in the figure and was calculated for photons having an energy of 4966 eV (Ti 
K-edge). (b) A plot of the number of vacancies produced per Au
-
 ion (defect per ion profile) in 
Yb2Ti2O7 by a 2 MeV beam of 5000 Au
-
 ions is presented.  
 
4.2.4 XANES 
The Soft X-ray Microcharacterization Beamline (SXRMB, 06B1-1) located at the 
Canadian Light Source (CLS) was used to collect the Ti K-edge XANES spectra from the 
damaged and undamaged RE2Ti2O7 (RE=Sm, Eu, Gd, Ho, Yb and Y), Yb1.85Ca0.15Ti2O7-δ, and 
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Yb2Ti1.85Fe0.15O7-δ materials using a Si(111) monochromator.
153
 The resolution of the beamline 
and sample preparation were discussed in Chapter 2 (Section 2.2.2). The ion-implanted 
(i.e., damaged) RE2Ti2O7 (RE=Sm,Gd,Ho,Yb), Yb1.85Ca0.15Ti2O7-δ, and Yb2Ti1.85Fe0.15O7-δ pellets 
(~1-2 mm thick) were mounted on the Cu sample holder using carbon tape, and silver paint was 
used to place the surface of the pellets in electrical contact with the sample holder. All spectra 
were collected in total electron yield (TEY) mode using a step size of 0.15 eV through the 
absorption-edge. The angle between the X-ray beam and the implanted pellet was ~85
o 
during 
these measurements.
153
 The spectra were calibrated using the K-edge spectrum from Ti metal 
(4966.0 eV).
151
 
Ti K-edge GA-XANES spectra from damaged pellets of RE2Ti2O7 (RE=Sm, Gd, and 
Yb), Yb1.85Ca0.15Ti2O7-δ, and Yb2Ti1.85Fe0.15O7-δ were collected using the Pacific Northwest 
Consortium/X-ray Science Division Collaborative Access Team (PNC/XSD-CAT, Sector 20) 
bending magnetic beamline (20BM) located at the Advanced Photon Source (APS).
195 
A Si (111) 
double crystal monochromator with harmonic rejection was used, providing a photon flux of 
∼1011 photons/s and a resolution of 0.7 eV at 4966 eV.151,195 GA-XANES analysis of the ion 
implanted pellets was performed using a vertically focused X-ray beam with a height of 45 μm 
and a beam width of 2 mm. The X-ray beam angle of incidence on the surface of the pellets was 
changed using a motor driven Huber (goniometer) stage that permits x-, y-, and z-axis translation 
as well as rotation of the glancing angle (α) between the X-ray beam and the surface of the 
sample. The glancing angle (α) was set to the desired value with an accuracy of 0.1o to reach 
different depths of the implanted pellets during GA-XANES analysis. A web-based program was 
used to calculate the glancing angles required to reach specific X-ray attenuation depths for 
photons having energies of 4966 eV (Ti K-edge; Figure 2a and Table 4.1).
221
 Partial fluorescence 
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yield spectra were collected using a single element vortex silicon drift detector. (The Ti K-edge 
partial fluorescence spectra collected at different glancing angles were not found to be influenced 
by absorption effects, which will be discussed in Chapter 5 (Section 5.3.1).) Spectra were 
recorded by stepping the energy in 0.15 eV increments through the absorption edge and 
calibrated against Ti metal (4966.0 eV).
151 
All XANES spectra discussed here were normalized, 
calibrated, and analyzed using the Athena software program.
152
 
Table 4.1 Calculated glancing angles required to give specific X-ray attenuation depths for 
photons having energies of 4966 eV (Ti K-edge). 
                  
Sample 
Ti K-edge (4966 eV) 
X-ray 
attenuation  
depth (nm) Glancing angle (
o
) 
Sm2Ti2O7 100 1.0 
 450 3.8 
 4835 45 
Gd2Ti2O7 100 1.1 
 450 4.5 
 4088 45 
Yb2Ti2O7 100 1.5 
 450 6.1  
 3013 45 
Yb2Ti1.85 Fe0.15O7-δ 100 1.5 
 450 6.4 
 2889 45 
Yb1.85Ca0.15Ti2O7-δ 100 1.4 
 450 5.8 
 3187 45 
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4.3 Results and discussion 
4.3.1 Powder X-ray diffraction before and after ion implantation 
 Bulk powder XRD and μ-XRD patterns from RE2Ti2O7 (RE=Sm, Eu, Gd, Ho, Yb and Y), 
Yb1.85Ca0.15Ti2O7-δ, and Yb2Ti1.85Fe0.15O7-δ before (bulk powder XRD) and after (μ-XRD) being 
implanted by Au
- 
ions to a dose of 5×10
14
 ions/cm
2
 are presented in Figure 4.2 and Figure A2.3. 
The XRD patterns of the undamaged materials in this study are in good agreement with those 
reported previously, where the RE2Ti2O7 (RE=Sm, Eu, Gd, Ho, Yb and Y) materials adopt the 
pyrochlore-type structure.
87,198
 The lattice constants of the ternary materials (Table 4.2) were 
found to decrease with decreasing ionic radius of the RE cation.
155
 The lattice constant of 
Yb1.85Ca0.15Ti2O7-δ was found to be larger than that of Yb2Ti2O7 because of the larger ionic radius 
of Ca
2+
 compared to Yb
3+ 
(rCa2+=1.120 Å> rYb3+ = 0.985 Å).
155
 As was studied previously in 
Chapter 2 (Section 2.3.1), the lattice constant of Yb2Ti1.85Fe0.15O7-δ was found to be smaller than 
that of Yb2Ti2O7 because of the decrease in Ti and Fe CN upon Fe
3+
 substitution.
155
 
Cation anti-site disorder can be observed in these materials, and is related to the ratio of 
the A and B cationic radii. As the ionic radii ratio (rA/rB) approaches ~1.46, the A-site and B-site 
cations may undergo anti-site disorder which can result in a phase transition from the pyrochlore 
to the defect fluorite structure.
41,64,87,200
 The super structural peaks (odd planes) from the XRD 
patterns were used to differentiate the pyrochlore-phase materials from the defect-fluorite phase 
materials.
192,200,222,223
 A decrease in the intensity of the superstructural peaks is generally 
indicative of cation anti-site disorder; however, the intensities of these peaks relative to the other 
peaks are also affected by the differences in the scattering power between the A- and B-site 
cations.
193
 Rietvield refinement results of the powder XRD patterns collected from some of the 
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undamaged RE2Ti2O7 (RE=Sm,Gd,Yb) materials are presented in Figure A2.4 and Table A2.1 in 
Appendix 2. The refinement results confirmed that all three RE2Ti2O7 materials studied in this 
manner adopted the pyrochlore-type structure. The refinement parameters show that a small 
decrease in the x48f position of the oxygen anions was observed with decreasing radius of the RE 
cation (Table A2.1). In pyrochlore-type materials, the TiO6 octahedral shape is sensitive to the 
oxygen x48f position parameter.
41,65,87,212
 A small decrease in the oxygen x48f position parameter 
with decreasing radius of the RE cation suggests that a small distortion of the TiO6 octahedra 
occurs with decreasing radius of the RE cation.  
 The examination of diffraction patterns from the RE2Ti2O7 (RE=Sm, Eu, Gd, Ho, Yb and 
Y), Yb1.85Ca0.15Ti2O7-δ, and Yb2Ti1.85Fea0.15O7-δ materials before and after implantation allows 
for an investigation of how the long-range crystal structure is affected by ion implantation. The 
lattice parameters did not change because of implantation (Table 4.2); however, the diffraction 
patterns from the implanted materials (Figure 4.2 and A2.4) clearly show a broadening of the 
diffraction peaks (e.g., the (222) diffraction peak; see Table 4.2). The increase in the width of the 
diffraction peaks could be a result of a decrease in the average crystallite size, but these peaks 
can also broaden because of the production of defects.
105
 The presence of the small hump located 
near the (222) diffraction peak (~30
o
) in the diffraction patterns from the implanted RE2Ti2O7, 
Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ materials (shown in Figure 4.2 and A2.4, respectively) 
indicates that these materials become partially amorphous after ion implantation. The intensity of 
the amorphous hump located at ~30
o
 in the diffraction patterns from the implanted RE2Ti2O7 
materials gradually decreases with decreasing ionic radii of the RE cation (Sm→Yb).198,224 It has 
been previously demonstrated by examination of ion implanted crystallites of RE2Ti2O7 by TEM 
that these materials become less prone to ion-beam induced amorphization with decreasing ionic 
85 
 
radii of the RE cation.
87
 As the radius of the RE cation decreases and approaches that of Ti
4+
, the 
tendency for the cations to undergo anti-site disorder increases and the materials become more 
likely to undergo a phase transition from the pyrochlore-type structure to the defect fluorite-type 
structure because of ion implantation instead of becoming amorphous.
87
  
Table 4.2 Lattice constants from the undamaged and damaged materials along with the full 
width at half maximum (FWHM) of the (222) diffraction peak 
 
Sample 
 Undamaged Dose: 
 5×10
14
 ions/cm
2
 
 
 
Average A-
site ionic 
radius (Å)
a
 a (Å) 
FWHM of 
the (222) 
diffraction 
peak (
o
) a Å 
FWHM of 
the (222)  
diffraction 
peak (
o
) 
Sm2Ti2O7 1.079  10.2318(3) 0.0581 10.2390 0.2787 
Eu2Ti2O7 1.066  10.2043(1) 0.0571 10.2095 0.2800 
Gd2Ti2O7 1.053  10.1851(1) 0.0878 10.1850 0.3049 
Ho2Ti2O7 1.015  10.1000(2) 0.0584 10.0845 0.2465 
Y2Ti2O7 1.019  10.0962(1) 0.0542 10.0340 0.2414 
Yb2Ti2O7 0.985 10.0296(3) 0.0615 10.0960 0.2552 
Yb2Ti1.85Fe0.15O7-δ  0.985 10.0268(1) 0.0816 10.0350 0.2833 
Yb1.85Ca0.15Ti2O7-δ 1.005 10.0385(6) 0.2476 10.0470 0.2505 
a
The ionic radius of Ti
4+
 is 0.605 Å.
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Figure 4.2 Bulk and micro powder XRD patterns from RE2Ti2O7 (RE= Sm, Eu, Gd, Ho, Y, and 
Yb, respectively) are shown before and after the materials were implanted by Au
-
 ions to a dose 
of 5×10
14
 ions/cm
2
. The odd lattice planes (super structural peaks) from the pyrochlore-type 
structure are marked by an asterisk (*) and the amorphous hump located near the (222) 
diffraction peak in the patterns from the damaged materials are indicated by an arrow. 
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4.3.2 Ti K-edge XANES of the undamaged materials 
 Normalized Ti K-edge XANES spectra from the undamaged RE2Ti2O7 (RE=Sm, Eu, Gd, 
Ho, Yb, and Y) materials are presented in Figure 4.3. The examination of these spectra has 
allowed for a study of how the electronic structure of these materials changes depending on 
composition. The spectra consist of low intensity, quadrapolar (pre-edge; 1s→3d; A) excitations 
and strong, dipolar (main-edge; 1s→4p; B and C) excitations.162,180 A detailed explanation of the 
assignments of these features is given in Section 3.3.2. The features in the spectra have been 
found to change because of variations in bonding, oxidation state, and CN.
131,202 
The changes 
observed in the pre-edge and main-edge features with varying composition are discussed below. 
The intensity and absorption energy of the pre-edge (A) and main-edge features (B and 
C) in Ti K-edge XANES spectra change with changing CN.
130-131,202,203,225
 The pre-edge features 
(A1 and A2) resulting from local excitations are very sensitive to changes in CN or a distortion of 
the local coordination environment.
129-132,178
 Examination of the pre-edge region of Ti K-edge 
XANES spectra can be useful in determining if the local Ti coordination environment is affected 
by the radius of the RE cation in RE2Ti2O7. As the CN changes and/or the local coordination 
environment around the Ti ion is distorted, the variation in the amount of overlap between Ti 3d 
and Ti 4p states can change the dipolar character of the transition.
159,161,129-132
 A decrease in Ti 
CN would result in greater overlap of the Ti 3d and 4p states, which would be observed by an 
increase in the intensity of the pre-edge peak. However, such changes are not observed in the Ti 
K-edge spectra (Figure 4.3a) from the undamaged RE2Ti2O7 materials as the RE cation is 
changed. This result is in agreement with the results of the Rietvield refinement of powder XRD 
data from Sm2Ti2O7, Gd2Ti2O7, and Yb2Ti2O7 (Figure A2.4). 
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Figure 4.3 (a) Ti K-edge XANES spectra from the RE2Ti2O7 system. Feature A represents the 
pre-edge region and is shown in the inset. Features B and C represent the main-edge region. No 
changes were observed in the pre-edge region (A) with decreasing radius of the RE cation. The 
intensity of the main-edge feature (C) increases with decreasing RE ionic radius. The change in 
intensity of feature C with decreasing radius of the RE cation is indicated by an arrow. (b) Ti 
K-edge XANES spectra from Yb2Ti1.85Fe0.15O7-δ and Yb2Ti2O7. The changes of the features 
(A,B,C) observed in the spectra because of the substitution of Ti
4+
 for Fe
3+ 
are marked by arrows. 
(c) Ti K-edge XANES spectra from Yb1.85Ca0.15Ti2O7-δ and Yb2Ti2O7. The changes of the 
features (A,B,C) observed in the spectra because of the substitution of Yb
3+
 for Ca
2+ 
are marked 
by arrows. 
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The intensity of the main-edge region of the Ti K-edge spectra (C) increases with 
decreasing radius of the RE cation in the RE2Ti2O7 system. The intensity of the main-edge 
feature (C) changes considerably because of variations in the chemical environment around the 
Ti atoms.
131,202,203,225
 An increase in intensity of feature C can be a result of an increase in the 
number of Ti 4p final states (or Ti 4p-O 2p states) available for 1s electrons to be excited to. The 
observed change with decreasing radius of the RE cation could be a result of a change in the 
bonding environment around the Ti atoms with decreasing Ti-O bond length and/or a distortion 
of the TiO6 octahedra. This could lead to an increase in the average number of Ti 4p final states 
(or Ti 4p-O 2p states) available for 1s electrons to be excited to. 
The previously discussed Ti K-edge XANES spectrum (Section 2.3.2) from undamaged 
Yb2Ti1.85Fe0.15O7-δ is presented in Figure 4.3b along with the spectrum from Yb2Ti2O7. The 
observed spectral changes (i.e., an increase in intensity of feature A, a decrease in energy of 
feature B, and a decrease in intensity of feature C) upon Fe
3+
 substitution are a result of a 
decrease in the Ti CN upon substitution of Ti
4+
 for Fe
3+
. Similar spectral changes are observed 
(Figure 4.3c) in the spectrum from Yb1.85Ca0.15Ti2O7-δ upon substitution of Yb
3+
 for Ca
2+
. The 
observed decrease in the Ti CN in Yb2Ti1.85Fe0.15O7-δ and Yb1.85Ca0.15Ti2O7-δ indicates that 
oxygen vacancies are generated in both systems either by substitution of Ti
4+
 for Fe
3+
 or by 
substitution of Yb
3+
for Ca
2+
. 
4.3.3 Ti K-edge XANES from ion implanted materials 
 GA-XANES and TEY-XANES spectra were collected from the ion implanted materials 
to study how the composition affects the resistance of these materials to structural damage. The 
2 MeV Au
-
 ions penetrate through the surface region to a maximum depth of ~450 nm in these 
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rare earth titanate materials (Figure 4.1a and Figure A2.1), and defect per ion profiles indicate 
that the largest number of defects would be generated at a depth of ~200 nm (Figure 4.1b and 
Figure A2.2). As such, it was necessary to use surface sensitive detection methods to study how 
the Ti K-edge XANES spectra from these materials change as a result of ion implantation.
102
 
Examination of these spectra from the implanted RE2Ti2O7, Yb2Ti1.85Fe0.15O7-δ, and 
Yb1.85Ca0.15Ti2O7-δ materials provided important information on the effect of RE ionic radii, 
metal substitution, and the presence of O-vacancies.  
4.3.3.1 GA-XANES  
 Ti K-edge GA-XANES spectra were collected using glancing angles that provided X-ray 
attenuation depths of 100 nm and 450 nm to investigate the effect of ion implantation on the 
local coordination environment of Ti. Normalized Ti K-edge GA-XANES spectra collected at 
different glancing angles from RE2Ti2O7 (RE=Sm,Gd,Yb), Yb2Ti1.85Fe0.15O7-δ, and 
Yb1.85Ca0.15Ti2O7-δ implanted by Au
-
 ions to a dose of 5×10
14
 ions/cm
2
 are presented in Figure 
4.4. These spectra are compared to the Ti K-edge XANES spectra from the undamaged materials 
collected in TEY mode.  
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Figure 4.4 Ti K-edge GA-XANES spectra collected at various glancing angles from (a) 
Sm2Ti2O7, (b) Gd2Ti2O7, (c) Yb2Ti2O7, (d) Yb2Ti1.85Fe0.15O7-δ, and (e) Yb1.85Ca0.15Ti2O7-δ 
implanted to a dose of 5×10
14
 ions/cm
2
 are presented along with the spectra from the undamaged 
samples. The glancing angles used were chosen so as to attain X-ray attenuation depths of 100 
nm and 450 nm. The change in intensity of features A and C, and the change in energy of feature 
B observed in the spectra with decreasing glancing angle (i.e., decreasing X-ray attenuation 
depth) are indicated by arrows. 
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The pre-edge (A) and main-edge features (B,C) in the Ti K-edge GA-XANES spectra 
from RE2Ti2O7 (RE=Sm,Gd,Yb), Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ were found to 
change significantly upon ion implantation (Figure 4.4). The intensity of the pre-edge feature (A) 
increased while the intensity and energy of the main-edge feature (B,C) decreased as a result of 
ion implantation. All of these changes are a result of a decrease (and/or distortion) in Ti CN as 
was described in Section 4.3.2 (and Section 3.2.4).
129-132
 The observed decrease in Ti CN does 
not indicate significant loss of O
2-
 from the materials after ion implantation, but instead suggests 
that the atoms become disordered in the near surface region of these materials upon ion 
implantation.  
 Analysis of the GA-XANES spectra collected at different glancing angles from ion 
implanted Sm2Ti2O7, Yb2Ti2O7, Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ (Figure 4.4) shows 
that more damage occurs (i.e., the Ti CN decreases) near the surface (X-ray attenuation depth of 
100 nm) compared to deeper into the material (X-ray attenuation depth of 450 nm). This 
observation is in agreement with the calculated defect per ion profiles presented in Figure 4.1b 
and Figure A2.2. Examination of the GA-XANES spectra collected from the ion implanted 
RE2Ti2O7 (RE=Sm,Gd,Yb) materials using a glancing angle that provides an X-ray attenuation 
depth of 450 nm (Figure 4.5a) shows that the RE2Ti2O7 materials show an increase in resistance 
to structural damage with decreasing radius of the RE cation. This assessment is based on the 
observation of a decrease in intensity of the pre-edge and an increase in the energy and intensity 
of the main-edge as the RE was changed from Sm to Gd to Yb. As the radius of the RE cation 
decreases and approaches the radius of Ti
4+
, the tendency for the cations to undergo anti-site 
disorder increases and the materials are more likely to undergo a phase transition from the 
pyrochlore-type structure to the defect-fluorite-type structure because of ion implantation instead 
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of becoming amorphous.
41,87,198
 The observation by GA-XANES that Yb2Ti2O7 is more resistant 
to radiation induced damage compared to Sm2Ti2O7 or Gd2Ti2O7 is in agreement with previous 
studies that used TEM to monitor the radiation resistance of crystallites of these materials.
87
  
The effect of metal substitution (A-site and B-site substitution) and the presence of 
oxygen vacancies on the structural stability of Yb2Ti2O7 was studied by comparing the 
GA-XANES spectra from ion implanted Yb2Ti2O7, Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ 
(Figure 4.5b). No significant differences in the spectra were observed, which suggests that the 
number of oxygen vacancies generated by a slight substitution of Ca
2+ 
for Yb
3+ 
or a slight 
substitution of Fe
3+ 
for Ti
4+
 does not considerably affect the resistance of Yb2Ti2O7 to radiation 
induced structural damage. This result was verified by analysis of Ti K-edge TEY-XANES 
spectra from the implanted materials (vide infra).   
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Figure 4.5 (a) Ti K-edge GA-XANES spectra from the implanted (Sm,Gd,Yb)2Ti2O7 materials at 
a glancing angle providing an X-ray attenuation depth of 450 nm are shown. Arrows mark the 
changes observed in the spectra as the RE was changed from Sm to Gd to Yb. (b) Ti K edge 
GA-XANES spectra from ion implanted Yb2Ti2O7, Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ 
are shown. The glancing angle used to collect these spectra was adjusted to give an X-ray 
attenuation depth of 450 nm 
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4.3.3.2 TEY-XANES 
Surface sensitive Ti K-edge TEY-XANES spectra were also collected from the implanted 
materials. The TEY-XANES spectra from the implanted materials have been compared to the 
spectra from the undamaged materials, and the normalized spectra are shown in Figure 4.6. 
Charging effects can be problematic while acquiring TEY spectra from thick pellets of insulating 
materials.
119
 These issues can be resolved by mounting the pellet to an electrically grounded 
sample holder using conductive silver paint to connect the surface of the pellet to the holder to 
increase the conductivity of the sample.
119,124,226
 The effect of this mounting procedure on the 
quality of the TEY spectra collected is demonstrated in Figure 4.7 by comparison of Ti K-edge 
spectra before normalization from a pellet of ion implanted Sm2Ti2O7 connected to the holder 
using only carbon tape or using carbon tape and silver paint.  
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Figure 4.6 Ti K edge TEY-XANES spectra from (a) Sm2Ti2O7, (b) Gd2Ti2O7, (c) Ho2Ti2O7, (d) 
Yb2Ti2O7, (e) Yb2Ti1.85Fe0.15O7-δ, and (f) Yb1.85Ca0.15Ti2O7-δ implanted to a dose of 5×10
14
 
ions/cm
2
 are shown along with the spectrum from the undamaged materials. The changes 
observed in the spectra because of implantation are indicated by arrows. 
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Figure 4.7 Ti K edge TEY-XANES spectra before normalization from a pellet of Sm2Ti2O7 
implanted to a dose of 5×10
14
 ions/cm
2
 and connected to the sample holder using only carbon 
tape or using carbon tape and silver paint. The quality of the TEY spectrum collected was 
improved by mounting the pellet to the holder using conductive silver paint. 
 
All of the features observed in the Ti K-edge TEY-XANES spectra from RE2Ti2O7 
(RE=Sm,Gd,Ho,Yb), Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ changed upon ion implantation 
(Figure 4.6). The reasons for the changes in the spectra from the ion-implanted materials are the 
same as those presented in Section 4.3.3.1, where the changes in the GA-XANES spectra were 
described. It should be noted that all of the TEY-XANES spectra were collected using the same 
angle of incidence of the X-rays to the surface of the pellets (~85
o
). Because of this, it is difficult 
to compare how the spectra from the RE2Ti2O7 materials changed depending on the RE cation 
present as the sampling depths were all slightly different. However, the spectra collected from 
ion implanted Yb2Ti2O7, Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ can be compared, as the 
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substitution of the A- or B-site cation was minor and it is not expected that this would greatly 
affect the X-ray attenuation depth or the depth at which electrons would travel through the 
surface. A comparison of the TEY-XANES spectra from the implanted Yb2Ti2O7, 
Yb2Ti1.85Fe0.15O7-δ, and Yb1.85Ca0.15Ti2O7-δ materials (Figure 4.8) reveals no significant 
differences as a result of a slight substitution of Ca
2+ 
for Yb
3+ 
or Fe
3+ 
for Ti
4+
, which is in 
agreement with the equivalent GA-XANES spectra (see Figure 4.7b). The examination of 
GA-XANES and TEY-XANES spectra from these rare-earth titanate materials has shown that 
the damaged surface layer of ion implanted pellets could be studied using either measurement 
method.  
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Figure 4.8 Ti K edge TEY-XANES spectra from the implanted Yb2Ti2O7, Yb2Ti1.85Fe0.15O7-δ, 
and Yb1.85Ca0.15Ti2O7-δ materials are shown. No significant changes were observed in the spectra 
from the implanted materials because of the partial substitution of Ti
4+
 for Fe
3+
 or Yb
3+
 for Ca
2+
. 
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4.4 Conclusions 
GA-XANES, TEY-XANES, and XRD have been used to study how the structural 
stability of pyrochlore-type oxides changes depending on composition. The examination of Ti 
K-edge XANES spectra from the implanted RE2Ti2O7 materials has shown that these materials 
have a greater resistance to ion-induced structural damage with decreasing ionic radii of the RE 
cation, which is in agreement with the previous TEM study of these materials.
87
 This study has 
also shown that oxygen vacancies generated in the structure of Yb2Ti2O7 by a slight substitution 
of Yb
3+ 
for Ca
2+ 
or Ti
4+ 
for Fe
3+
 does not significantly affect the radiation resistance of this 
material. An effective sample mounting procedure for collecting high quality TEY-XANES 
spectra from thick pellets was also reported in this study. This investigation has demonstrated the 
ability of GA-XANES and TEY-XANES to probe the surface layer materials that have been 
damaged by ion implantation. These techniques will be useful for the development of materials 
that can be used to sequester nuclear waste. 
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Chapter 5 
Investigation of the structural stability of ion-implanted 
Gd2Ti2-xSnxO7 pyrochlore-type oxides by glancing angle X-ray 
absorption spectroscopy
*
 
5.1 Introduction  
The previous Chapter has demonstrated the ability of GA-XANES to probe the surface 
layer of the materials that have been damaged by ion implantation. The investigation of 
RE2Ti2O7 has shown that these materials have a greater resistance to ion induced structural 
damage with decreasing ionic radii of the RE ion and also that oxygen vacancies generated in the 
structure by a slight substitution does not significantly change the resistance. The present 
Chapter has focused on how the metal-oxygen bond interactions can affect the structural stability 
of a material upon ion beam implantation. This has been investigated by studying ion implanted 
Gd2Ti2-xSnxO7. Chapter 3 investigated as-synthesized Gd2Ti2-xSnxO7 and showed that the Gd-O 
and Ti-O bonds become more ionic while the Sn-O bonds become more covalent with increasing 
Sn incorporation. In the present Chapter, the changes in metal-oxygen bond interactions on the 
resistance to radiation induced damage have been investigated systematically from 
Gd2Ti2-xSnxO7 using GA-XANES.  
Rare-earth (RE: (La-Lu) and Y) titanate and stannate pyrochlore-type oxides have been 
investigated for nuclear waste sequestration applications in the past.
87,88,188
 These materials can 
exhibit varying degrees of resistance to radiation induced structural damage depending on 
composition.
44,87,88,188
 Radiation induced structural damage can be simulated by bombardment 
*
 A version of this Chapter has been published. Reprinted with permission from Aluri, E. R.; Grosvenor, 
A.P. J. Phys. Chem. C  2014, 118, 7910-7922. © 2014 American Chemical Society 
doi: 10.1021/jp4095497 
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(implantation) of the materials using high-energy ion beams (e.g., Au
-
, Kr
+
, and Xe
+
), which was 
discussed in Section 1.3. The response of Gd2Ti2-xZrxO7, Y2Ti2-xSnxO7, RE2Zr2O7, RE2Sn2O7 
(RE=La-Lu), RE2Ti2O7, and Gd2Hf2O7 to ion beam implantation has been previously examined 
by use of one or more of the following techniques: transmission electron microscopy (TEM), 
X-ray absorption near-edge spectroscopy (XANES), extended X-ray absorption fine structure 
analysis (EXAFS), and powder X-ray diffraction (XRD).
83,86-88,189,212,227
 These investigations 
have suggested that the resistance to ion beam induced amorphization is not only dependent on 
the relative sizes of the A- and B-site cations but also on the electronic structure of these 
materials. Studies of ion implanted Gd2Ti2-xZrxO7 (and Y2Ti2-xSnxO7) have shown that the 
resistance to ion beam induced structural damage increases with greater Zr content (and Sn 
content).
83,189,212
 This observation shows the effect of cationic radii on the ability of a material to 
resist radiation induced damage. With increasing radius of the B-site cation, the rA/rB ionic radii 
decreases, which leads to the material becoming more likely to undergo a phase transformation 
from the pyrochlore-type structure to the defect fluorite structure instead of becoming amorphous 
after ion beam implantation.
83,189,212
 Systematic ion beam implantation studies of RE2Zr2O7, 
RE2Sn2O7, and RE2Ti2O7 have also demonstrated the importance of the A- and B-site ionic 
radius and bond covalency to the resistance of materials to radiation induced structural 
damage.
86-88
 To increase the radiation resistance of a material, it is important to understand how 
both the electronic structure and local chemical environment affect this property.
82,87,88,228,229
 
Ion implantation can produce an amorphous layer which is typically only a few hundred 
nm thick.
102
 Hard X-ray XANES (or EXAFS) is not typically surface sensitive, but 
glancing angle XANES/EXAFS (GA-XANES/EXAFS) can be used to probe the amorphous 
(damaged) surface layer produced by the implantation of a material by an ion beam.
102,133,134
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GA-XANES and GA-EXAFS allow for the investigation of the bonding environment and the CN 
of the atoms in the damaged surface layer from these materials.
102,133,134,230
 Very few studies 
have used GA-XANES or GA-EXAFS to study the damaged surface layer of materials (e.g., 
Pb
2+
 implanted SrTiO3, and Kr
+
 implanted CaZrTi2O7 and Gd2Ti2O7).
102,136,231
 A combination of 
micro powder XRD (μ-XRD) and GA-XANES/EXAFS have been used in this study to 
investigate how the structural stability of ion-implanted Gd2Ti2-xSnxO7 varies depending on Sn 
concentration. The primary objective of this study was to understand the importance of bond 
covalency to the structural stability of materials proposed for nuclear waste sequestration 
applications. This study has also demonstrated the ability of GA-XANES to identify changes in 
the local structural environment of transition-metals and main-group metals that are not easily 
identified by use of X-ray or electron diffraction alone. 
5.2 Experimental  
5.2.1 Synthesis 
 Gd2Ti2-xSnxO7 (x = 0.0, 1.0, 2.0) was synthesized using the ceramic method. Gd2O3 
(Alfa Aesar, 99.99%), TiO2 (Alfa Aesar, 99.9%), and SnO2 (Alfa Aesar, 99.9%) powders were 
mixed in stoichiometric amounts to synthesize Gd2Ti2-xSnxO7, which was described in Chapter 
3 (Section 3.2.1). Gd2Zr2O7 and Yb2Ti2O7 were also synthesized using the solid state reaction 
method described above to aid in analysis of the GA-XANES spectra and μ-XRD patterns. 
Gd2O3 (Alfa Aesar, 99.99%) and ZrO2 (Alfa Aesar, 99.978%) powders were used to synthesize 
Gd2Zr2O7 while Yb2O3 (Alfa Aesar, 99.9%) and TiO2 (Alfa Aesar, 99.9%) powders were mixed 
in stoichiometric amounts to synthesize Yb2Ti2O7. Pressed pellets were heated for several days 
(Gd2Zr2O7-17 days; Yb2Ti2O7-6 days) until phase purity was achieved. All materials were 
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quench cooled in air and the phase purity was confirmed by powder X-ray diffraction (XRD). 
Following examination by powder XRD, the phase-pure Gd2Ti2-xSnxO7 and Gd2Zr2O7 materials 
were repelleted uniaxially at 8 MPa and heated at 1400 
o
C over 3 days to increase the hardness 
of these pellets prior to ion beam implantation. 
 Powder XRD patterns from each sample were collected at room temperature using a 
PANalytical Empyrean X-ray diffractometer and a Cu Kα1,2 X-ray source. Diffraction patterns 
used for Rietvield refinement were recorded in the 2θ range of 10-120o using a step size of 
0.008
o
. The High Score Plus Software package was employed to perform a Reitvield refinement 
of the data from the synthesized (undamaged) materials.
150 
The lattice constants, the 
x-coordinate of O in the 48f position (x48f), the overall thermal factor, and the line shape were 
refined during the analysis. It was found that the best results were determined when the 
isotropic thermal factors for each atom were constrained to 0.10 Å
2
 with the overall thermal 
factor (B overall) being allowed to vary.  
5.2.2 Ion beam implantation 
Ion beam implantation of Gd2Ti2-xSnxO7 (x = 0.0, 1.0 and 2.0) and Gd2Zr2O7 was   
performed using the 1.7 MeV Tandetron accelerator located at ISW. The sintered pellets of 
Gd2Ti2-xSnxO7 were implanted at room temperature with 2 MeV Au
-
 ions to a fluence (dose) of 
1×10
15
 and 5×10
15
 ions/cm
2
, and the Gd2Zr2O7 pellet was irradiated to a fluence of 
5×10
15
 ions/cm
2
. The ion beam was aligned approximately normal to the pellet surface during 
implantation, as was discussed in Section 4.2.2.  
Ion range and damage event depth profiles of the implanted samples were calculated 
using the Stopping and Range of Ions in Matter (SRIM-2013) software package.
220
 These 
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calculations were performed using 5000 Au
-
 ions with the ion beam energy being 2 MeV and by 
assuming the target (Gd,Ti,Sn,O) displacement energies being 25 eV (Gd,Ti,Sn) and 28 eV (O). 
The densities (ρ) of Gd2Ti2-xSnxO7 (x = 0.0, 1.0 and 2.0) and Gd2Zr2O7 used in depth profile 
calculations were 6.57 g/cm
3
, 7.15 g/cm
3
, 7.72 g/cm
3
, and 6.91 g/cm
3
, respectively.
88,198,200
 The 
calculations predicted that the ion beam implants to a depth of 100-450 nm for all samples 
(Figure 5.1and Figure A3.1). 
5.2.3 Micro X-ray diffraction 
 The ion implanted Gd2Ti2-xSnxO7 (x = 0.0, 1.0 and 2.0) and Gd2Zr2O7 pellets were 
analyzed using μ-XRD to determine how the long-range structure of these pyrochlore-type 
materials changed after ion implantation. The μ-XRD patterns were collected using the 
PANalytical Empyrean X-ray diffractometer described in Section 5.2.1 and diffraction patterns 
were collected in the 2θ range of 10-55o. The X-ray beam spot size was reduced to 200 μm using 
a mono-capillary collimator to perform this analysis. For experimental details on the collection 
of μ-XRD were discussed in Section 4.2.3.  
5.2.4 XANES/EXAFS  
The Ti K-, Sn L3- and Gd L3-edge GA-XANES spectra (and Ti K-edge GA-EXAFS 
spectra) were collected from Gd2Ti2-xSnxO7, Gd2Zr2O7, and Yb2Ti2O7 using the Pacific 
Northwest Consortium/X-ray Science Division Collaborative Access Team (PNC/XSD-CAT, 
Sector 20) bending magnetic beamline (20BM) located at the Advanced Photon Source (APS), 
Argonne National Laboratory.
195
 The resolution of the spectra is 0.5 eV at 3929 eV (Sn L3-edge), 
0.7 eV at 4966 eV (Ti K-edge), and 1.0 eV at 7000 eV (Gd L3-edge).
151,195
 The X-ray beam was 
vertically focused to yield a beam height of 45 μm and slits were used to confine the width of the 
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beam to 2 mm to perform the GA-XANES/EXAFS analysis of the ion implanted samples. The 
experimental details for GA-XANES set-up were already discussed in Section 4.2.4. The effect 
of changing the glancing angle on the attenuation depth of X–rays having specific excitation 
energies was calculated using the web-based program identified in reference 218 (see Figure 5.1a 
and Table 5.1). All spectra were collected in fluorescence mode by use of a single element vortex 
silicon drift detector. The GA-XANES spectra reported here for the implanted materials were 
collected in fluorescence mode (instead of transmission mode) because of the thickness (~1-2 
mm) of the implanted pellets, and because only the near-surface region of the material was 
damaged by ion implantation. The XANES spectra were collected using a step size of 0.15 eV 
through the Ti K-, Sn L3-, and Gd L3-edges. The Ti K-edge GA-EXAFS spectra from 
Gd2Ti2-xSnxO7 were collected to k = 13 Å
-1
. The Ti K-edge spectra were calibrated using Ti 
metal (4966.0 eV); the Sn L3-edge spectra were calibrated using Sn metal (3929.0 eV); and the 
Gd L3-edge spectra were calibrated using Gd2O3 (7243.0 eV).
151
 The absorption-edge energy of 
Gd2O3 was determined by calibrating the spectrum from this oxide using Fe metal foil, with the 
Fe K-edge absorption edge energy set to 7110.0 eV.
151
  
A Ti K-edge XANES spectrum from a powdered sample of Yb2Ti2O7 was also measured 
using the Soft X-ray Microcharacterization beamline (SXRMB, 06B1-1) at the Canadian Light 
Source to determine if the Ti K-edge GA-XANES spectra collected in fluorescence mode were 
affected by absorption effects.
153
 The experimental details and sample preparation were 
discussed in Section 2.2.2. The spectrum was collected in total electron yield mode (TEY). All 
XANES/EXAFS spectra reported in this study were analyzed using the Athena software 
program.
152 
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Figure 5.1 (a) An ion beam implantation depth profile and (b) vacancies per ion depth profile of 
Gd2Ti2O7 calculated using SRIM-2013 is shown.
220
 The calculation was performed using 5000 
Au
-
 ions with the ion beam energy being 2 MeV and by assuming the target (Gd,Ti,Sn,O) 
displacement energies being 25 eV (Gd,Ti,Sn) and 28 eV (O).
220
 A plot of glancing angle vs. 
X-ray attenuation depth for Gd2Ti2O7 is also included in the figure and was calculated for 
photons having an energy of 4966 eV (Ti K-edge).
151,221
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Table 5.1 Calculated glancing angles required to give specific X-ray attenuation depths for 
photons having energies of 3929 eV (Sn L3-edge), 4966 eV (Ti K-edge), and 7243 eV 
(Gd L3-edge) 
 
Sample 
Sn L3-edge (3929 eV) Ti K-edge (4966 eV) Gd L3-edge (7243 eV) 
X-ray 
attenuation 
depth (nm) 
Glancing 
angle (
o
)  
X-ray 
attenuation 
depth (nm) 
Glancing 
angle (
o
) 
X-ray 
attenuation 
depth (nm) 
Glancing 
angle (
o
)  
Gd2Ti2O7 - - 100 1.1 100 1.2 
 - - 450 4.5 450 5.3 
Gd2TiSnO
7 100 2.6 100 1.7 100 1.3 
 450 11.2 450 7.3 - - 
Gd2Sn2O7 100 3.2 - - 100 1.5 
 450 14.1 - - - - 
     2864 45 
Gd2Zr2O7 - - - - 100 1.2 
     3717 45 
Yb2Ti2O7 - - 100 1.5 - - 
 - - 450 6.1 - - 
 - - 3013 45 - - 
 
5.3 Results and discussion 
5.3.1 Powder X-ray diffraction before and after ion implantation 
Powder XRD and μ-XRD patterns from the Gd2Ti2-xSnxO7 (x = 0.0, 1.0 and 2.0) and 
Gd2Zr2O7 samples before (bulk powder XRD) and after (μ-XRD) being implanted by Au
- 
ions to 
a dose of 1×10
15
 ions/cm
2
 or 5×10
15
 ions/cm
2
 are shown in Figure 5.2. The lattice constants of 
the undamaged Gd2Ti2-xSnxO7 materials increased with greater Sn
4+
 incorporation, as was 
described in Chapter 3 (Section 3.3.1). The diffraction patterns of pyrochlore-phase materials 
differ from those from defect-fluorite phase materials only in the presence of superstructural 
peaks (odd lattice planes).
192,200,222,223
 The intensity of these superstructural peaks is strongly 
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correlated with site occupancies and atomic positions within the pyrochlore structure, and are 
also affected by differences in the scattering power between the A- and B-site cations.
89,200,192
 A 
decrease in the intensity of the superstructural peaks is generally indicative of cation anti-site 
disorder, which results in a phase transition from the pyrochlore to the defect fluorite 
structure.
200,222
 Rietvield refinement results of the powder XRD patterns collected from the 
undamaged Gd2Ti2-xSnxO7 and Gd2Zr2O7 samples are shown in Figure A3.2 and Table A3.1 in 
Appendix 3. These refinements show that all Gd2Ti2-xSnxO7 materials were single phase and 
confirmed that the materials adopted the pyrochlore-type structure. However, the low intensities 
of the superstructural peaks observed in the diffraction pattern of undamaged Gd2Zr2O7 
(Figure 5.2d) are indicative of a mixture of pyrochlore and defect fluorite phases being present. 
The concentration of pyrochlore and defect-fluorite phases in the Gd2Zr2O7 material was 
estimated by Rietvield refinement to be 66.1% and 33.9%, respectively (Table A3.1). The 
refined parameters for the pyrochlore and defect-fluorite structures used to describe Gd2Zr2O7 
are in good agreement with those reported previously.
83,191,200,232
 The amount of cation anti-site 
disorder observed previously in Gd2Sn2O7 is considerably less (~ 5 % in Gd2Sn2O7) than that 
observed in Gd2Zr2O7, which is attributed to the covalency of the bond between O
2-
 and the B-
site Sn
4+
 ions.
79,89,200
 The decrease in intensity of the superstructural peaks in the powder XRD 
patterns from undamaged Gd2Ti2-xSnxO7 with increasing x (Figure 5.2 and Figure A3.3) is a 
result of a decrease in the difference in scattering power between the A- and B-site cations with 
increasing Sn concentration, and is not a result of significant cation anti-site disorder being 
present.
89,200
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Examination of the diffraction patterns from the Gd2Ti2-xSnxO7 and Gd2Zr2O7 materials 
before and after implantation provides important information on how the structure of these 
materials is affected by ion implantation (Figure 5.2). The diffraction patterns from the 
implanted samples clearly show a broadening of the diffraction peaks (e.g., the (222) diffraction 
peak) when compared to the diffraction patterns from the undamaged materials. The full width at 
half maximum (FWHW) of the (222) peak from Gd2Ti2-xSnxO7 increases with greater Sn content 
(see Table 5.2). Diffraction peaks can broaden for multiple reasons, which include the presence 
of defects.
105 
The production of defects in the materials because of ion beam implantation likely 
contributed to the increased width of the diffraction peaks observed here. However, it would also 
be expected that the average crystallite size would decrease because of ion beam induced 
damage, which would also result in an increase in the width of the diffraction peaks. The 
increase in the intensity of the hump located near the (222) diffraction peak (~30
o
) in the 
diffraction patterns from the implanted Gd2Ti2-xSnxO7 materials also shows that these materials 
become partially amorphous with increasing dose (i.e., 1×10
15
 ions/cm
2
 to 5×10
15
 ions/cm
2
).
200 
Comparison of the μ-XRD patterns from the Gd2Ti2-xSnxO7 and Gd2Zr2O7 samples that were 
implanted to the same dose (5×10
15
 ions/cm
2
; Figure 5.2) shows that Gd2Ti2-xSnxO7 becomes 
partially amorphous while the diffraction pattern from implanted Gd2Zr2O7 does not show an 
amorphous hump at ~30
o
. This observation is a result of the fact that Gd2Zr2O7 prefers to 
undergo a phase transition to the defect fluorite structure upon ion implantation rather than 
become amorphous.
83
 This can be further observed by the loss of the super structural peaks in the 
diffraction pattern from the damaged (implanted) Gd2Zr2O7 sample compared to the diffraction 
pattern from the undamaged sample (Figure 5.2d).
83  
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The decrease in intensity of the super structural peaks observed in the diffraction patterns 
from the implanted Gd2Ti2O7 and Gd2TiSnO7 samples (Figure 5.2a,b) suggests that along with 
becoming partially amorphous, some of the crystallites undergo a pyrochlore to defect fluorite 
phase transition. However, the diffraction pattern from Gd2Sn2O7 implanted to a dose of 
5×10
15
 ions/cm
2
 shows (Figure 5.2c) peaks that are not easily described by materials having the 
ordered cubic pyrochlore–type structure. The change in the μ-XRD pattern from Gd2Sn2O7 
(Figure 5.2c) implanted to a dose of 5×10
15
 ions/cm
2 
could be a result of some of the sample 
decomposing to a mixture of binary oxides. The unidentified peaks were compared to all known 
structures of oxides containing Gd and Sn, with only the diffraction pattern from SnO being 
comparable. The Sn oxidation state is 2+ in SnO but the Sn L3-edge XANES spectra collected 
from this material suggests that only Sn
4+
 is present (vide infra, Section 5.3.2.3), which rules out 
the presence of this binary oxide. It is also possible that the change in the diffraction pattern from 
Gd2Sn2O7 implanted to a dose of 5×10
15
 ions/cm
2 
compared to the undamaged material is a result 
of the pyrochlore structure being distorted by anion disordering. This would result in a 
contraction of the unit cell and a shift of the most intense reflection to higher 2θ. This type of 
disordering has been observed previously during studies of the effect of high pressures on 
(Gd,Sm)2Ti2O7 and Gd2Zr2O7.
82,198,233 
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Figure 5.2 Bulk and micro powder XRD patterns from (a) Gd2Ti2O7, (b) Gd2TiSnO7, and (c) 
Gd2Sn2O7 samples are shown before and after the materials were implanted to a dose of 1×10
15
 
ions/cm
2
 or 5×10
15
 ions/cm
2
 by a beam of Au
- 
ions. (d) Bulk and micro-powder XRD patterns 
from Gd2Zr2O7 are shown before and after implantation to a dose of 5×10
15
 ions/cm
2
 by a beam 
of Au
- 
ions. Super structural peaks from the pyrochlore-type structure are marked by an asterisk 
(*). The amorphous hump located near the (222) diffraction plane is identified by an arrow. 
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Table 5.2 Lattice constants from the undamaged Gd2Ti2-xSnxO7 and Gd2Zr2O7 materials 
assuming a pyrochlore-type structure are presented along with the full width at half maximum 
(FWHM) of the (222) peak from the diffraction pattern from the undamaged and damaged 
materials 
 
Sample 
Undamaged 
Dose: 
 1×10
15
 ions/cm
2
 
Dose: 
 5×10
15
 ions/cm
2
 
a (Å) 
FWHM of the 
(222) diffraction 
peak (
o
) 
FWHM of the 
(222)  diffraction 
peak (
o
) 
FWHM of the 
(222) diffraction 
peak (
o
) 
Gd2Ti2O7 10.1851(4) 0.0440 0.266 0.310 
Gd2TiSnO7 10.3235(1) 0.1015 0.318 0.353 
Gd2Sn2O7 10.46066(3) 0.0514 0.358 0.370 
Gd2Zr2O7 10.5368(1) 0.0914 - 0.347 
 
5.3.2 GA-XANES and GA-EXAFS  
Whereas powder XRD allows for an investigation of how the long-range crystal structure 
changes after ion implantation, GA-XANES and GA-EXAFS allow for an investigation of how 
the local chemical environment of the atoms in the structure change depending on composition 
and ion implantation dose.
102,133,134
 As was indicated in Section 5.2.2 (and shown in Figure 5.1 
and Figure A3.1), the 2 MeV Au
-
 ions penetrated to a maximum depth of ~450 nm in the 
Gd2Ti2-xSnxO7 and Gd2Zr2O7 pellets. As all of the Au
-
 ions penetrate through the near-surface 
region (<100 nm), it would be expected that this region of the samples would experience more 
damage compared to deeper within the surface where the Au
-
 ions implant. Ti K-, Sn L3-, and Gd 
L3-edge GA-XANES spectra (and Ti K-edge GA-EXAFS spectra) were collected at glancing 
angles providing X-ray attenuation lengths of 100 nm and 450 nm (Table 5.1), as well as at 45
o
 
(resulting in a bulk measurement of the sample), to determine the effect of ion implantation on 
the local coordination environment of the metal ions in Gd2Ti2-xSnxO7.  
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5.3.2.1 Ti K-edge GA-XANES 
Normalized Ti K-edge XANES spectra from Gd2Ti2-xSnxO7 (x = 0,1) samples implanted 
to a dose of 1×10
15
 ions/cm
2
 or 5×10
15
 ions/cm
2
 and collected using different glancing angles are 
presented in Figures 5.3 and 5.4. The spectra from the undamaged materials, which were 
presented previously in Chapter 3 (Figure 3.2), are also presented in these figures. The Ti K-edge 
XANES spectra contain both pre-edge and main-edge excitations, which are labeled as features 
A, B, and C in Figures 5.3 and 5.4. The pre-edge feature (A) arises from weak, quadrapolar 
1s→3d transitions and three features are observed in this region (labeled as A1, A2, and A3), 
which result from both local and non-local excitations.
159,161,176,177
 The main-edge (B and C) 
results from dipole allowed 1s→4p transitions.159,177 A detailed description for these features 
were discussed in Section 3.3.2. Above the absorption edge, the core electron is promoted to 
continuum states and can be back scattered by atoms located in coordination shells surrounding 
the absorbing atom, resulting in constructive and destructive interference that creates structured 
oscillations in the spectrum. These oscillations are known as the EXAFS and will be discussed in 
Section 5.3.2.2.
201 
 
All GA-XANES spectra reported here for the implanted materials were collected in 
fluorescence mode (instead of transmission mode) because of the thickness of the implanted 
pellets (~1-2 mm), and because only the near-surface region of the material was damaged by ion 
implantation. The intensity of peaks in XANES spectra can be attenuated by absorption effects 
when collected in this mode, with stronger peaks usually being more attenuated than weaker 
peaks.
112,120,201 
A previous GA-XANES study of ion implanted Gd2Ti2O7 suggested that 
absorption effects could affect Ti K-edge XANES spectra and that the data required correction 
before analysis.
136
 The influence of absorption effects on the Ti K-edge GA-XANES spectra 
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from the implanted Gd2Ti2-xSnxO7 materials reported here has been tested by comparing 
GA-XANES spectra from an undamaged pellet of Yb2Ti2O7 (Figure 5.5). No significant changes 
were observed in any of the GA-XANES spectra, even when compared to a spectrum of 
powdered Yb2Ti2O7 collected in total electron yield mode. A comparison of Ti K-edge XANES 
spectra collected in transmission and fluorescence modes from Gd2Ti2O7 (Figure A3.4) also 
showed little difference between the spectra. These comparisons show that absorption effects do 
not significantly affect the Ti K-edge GA-XANES spectra and that no data correction is required. 
All of the features observed in the Ti K-edge GA-XANES spectra from the 
Gd2Ti2-xSnxO7 samples changed significantly upon ion implantation (Figures 5.3 and 5.4). The 
intensity of the pre-edge peak (A) increased while the intensity of the main-edge peak (C) 
decreased; the absorption energy of feature B also decreased (slightly) upon implantation. All of 
these changes are indicative of a change in the local coordination environment of Ti.
178,129-132
 As 
was stated above, the pre-edge features result from 1s→3d transitions; however, even a small 
mixing of p- and d-states can lead to a large increase in the pre-edge intensity by increasing the 
dipolar character of the transition.
129-132,159,232
 It has been observed previously that a decrease in 
CN and/or a distortion of the local coordination environment can lead to an increased mixing of 
the p- and d-states, which results in an increase in the pre-edge peak intensity.
53, 62,64,70-74
 It could 
be argued that an increase in the CN from 6 to 8 would also result in greater p-d mixing, which 
should also result in an increase in the intensity of the pre-edge peak. (This increase in CN could 
result from the B-site Ti atoms being disordered into the 8-coordinate A-site.) Examination of 
the main-edge features can be useful when studying the transition-metal K-edge XANES spectra 
from a series of materials having a similar composition and structure when trying to determine 
how the CN changes. A decrease in the energy and intensity of main-edge features from 
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transition-metal K-edge XANES spectra have been shown and described in the previous 
Chapters (Sections 2.3.2, 2.3.4, and 4.3.3.1) to be a result of a decrease in the CN of the 
transition-metal being analysed.
130
 A decrease in energy and intensity of the main-edge features 
(B,C) in the spectra presented in Figures 5.3 and 5.4 from the damaged materials implies a 
decrease in CN with decreasing glancing angle.  
The spectral changes observed in Figures 5.3 and 5.4 clearly suggest that the Ti CN 
decreased in the implanted samples at all doses as compared to the spectra from undamaged 
Gd2Ti2O7 and Gd2TiSnO7. The average decrease in CN of these implanted materials can be 
determined by comparing the spectra to previously reported Ti K-edge XANES spectra from 
systems having well defined Ti coordination environments.
129-132
 Comparison of the intensity 
and energy of the pre-edge region of the spectra from the implanted materials to previously 
reported spectra suggests that the local CN of Ti decreased from 6 in the undamaged materials to 
a mixture of 6- and 5-coordinate Ti, and possibly also 4-coordinate Ti, in the implanted 
samples.
129-132
 (A distortion of the Ti coordination environment could also contribute to the 
observed change in pre-edge intensity.) It should be noted that as the XANES spectra presented 
here probe to depths of ≥100 nm, it is not believed that significant loss of O2- occurs because of 
ion implantation. Because of this, the observed reduction of the Ti CN (and likely distortion of 
the Ti coordination environment) does not suggest that the materials become O-deficient, but 
instead that the atoms located in the near-surface region of the materials studied become 
disordered upon ion implantation. 
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Figure 5.3 (a) Ti K-edge GA-XANES spectra collected at various glancing angles from 
Gd2Ti2O7 implanted to a dose of 1×10
15
 ions/cm
2 
are compared to the spectrum from the 
undamaged sample. The angles listed, 1.1
o
 and 4.5
o
, are the glancing angles used to attain X-ray 
penetration depths of 100 and 450 nm, respectively. The pre-edge region is shown in the inset. 
The arrows show the change in intensity of features A and C, and the change in energy of feature 
B that occurs with decreasing glancing angle (decreasing X-ray attenuation depth). (b) Ti K-edge 
GA-XANES spectra from Gd2Ti2O7 implanted to a dose of 5×10
15
 ions/cm
2 
along with the 
spectrum from the undamaged sample are shown. The changes of the features observed in the 
spectra with decreasing glancing angle (decreasing X-ray attenuation depth) are marked by 
arrows.
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Figure 5.4 (a) Ti K-edge GA-XANES spectra collected at various glancing angles from 
Gd2TiSnO7 implanted to a dose of 1×10
15
 ions/cm
2
 are shown along with the spectrum from the 
undamaged sample. The angles listed, 1.7
o
 and 7.3
o
, are the glancing angles used to attain X-ray 
penetration depths of 100 and 450 nm, respectively. The changes observed in the spectra with 
decreasing glancing angle are indicated by arrows. (b) Ti K-edge GA-XANES spectra from 
Gd2TiSnO7 implanted to a dose of 5×10
15
 ions/cm
2
 are shown along with the spectrum from the 
undamaged sample. (c) Ti K-edge GA-XANES spectra from Gd2TiSnO7 implanted to a dose of 
1×10
15
 ions/cm
2
 and 5×10
15
 ions/cm
2
 are compared along with the spectrum from the undamaged 
material. The changes observed with increasing dose are marked by arrows. 
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Figure 5.5: Ti K-edge GA-XANES spectra collected at different glancing angles from an 
undamaged pellet of Yb2Ti2O7 and measured in fluorescence mode are shown. The spectra have 
also been compared to a spectrum from powdered Yb2Ti2O7 collected in TEY mode. No 
significant differences between the spectra were observed. 
 
Examination of the GA-XANES spectra from the Gd2Ti2O7 and Gd2TiSnO7 materials 
implanted to a dose of 1×10
15
 ions/cm
2
 (Figures 5.3a and 5.4a) shows that more damage occurs 
near the surface compared to deeper into the material. However, when a higher dose 
(5×10
15
 ions/cm
2
) was used (Figures 5.3b and 5.4b), the spectra collected at glancing angles 
giving X-ray attenuation depths of 100 nm and 450 nm were very similar (i.e., a higher dose 
results in more damage occurring at deeper depths). Further, a comparison of the GA-XANES 
spectra from Gd2TiSnO7 implanted to a dose of 1×10
15
 ions/cm
2
 and 5×10
15
 ions/cm
2
 (Figure 
5.4c) shows that the damage experienced by the material increases with greater dose. 
Examination of the GA-XANES spectra from Gd2TiSnO7 and Gd2Ti2O7 implanted to a dose of 
5×10
15
 ions/cm
2
 (Figure 5.6a) also shows that the Gd2Ti2-xSnxO7 system becomes more 
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susceptible to radiation induced structural damage with increasing Sn concentration, as can be 
easily observed by the increase in intensity of the pre-edge with increasing Sn concentration. 
However, it should be noted that a much smaller difference was observed between the 
GA-XANES spectra from Gd2TiSnO7 and Gd2Ti2O7 when the materials were implanted to a 
lower dose (Figure 5.6b). 
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Figure 5.6: (a) Ti K-edge GA-XANES spectra from Gd2Ti2O7 and Gd2TiSnO7 implanted to a 
dose of 5×10
15
 ions/cm
2
. The glancing angle used to collect these spectra was adjusted to give an 
X-ray attenuation depth of 450 nm. The changes observed with increasing Sn content are marked 
by arrows. (b) Ti K-edge GA-XANES spectra from Gd2Ti2O7 and Gd2TiSnO7 implanted to a 
dose of 1×10
15
 ions/cm
2 
are shown.  
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5.3.2.2 Ti K-edge GA-EXAFS 
Ti K-edge GA-EXAFS spectra were also examined to confirm the effect of ion-beam 
implantation on the structure of the materials investigated. The Fourier transforms of the 
Ti K-edge GA-EXAFS spectra collected from the Gd2Ti2O7 and Gd2TiSnO7 materials implanted 
to a dose of 1×10
15
 ions/cm
2 
or 5×10
15
 ions/cm
2 
are shown in Figure 5.7. The intense peak 
labeled as D results from scattering of electrons by O
2-
 ions in the first coordination shell and the 
peak labeled as E represents scattering by the second coordination shell, which contains 
Gd/Ti/Sn. These two features change significantly upon implantation. The spectra presented in 
Figure 5.7 show a decrease in intensity of the first coordination shell peak (D) and the 
disappearance of the peak representing scattering from the second coordination shell (E) in the 
implanted samples at all doses when compared to the spectra from the undamaged 
materials.
179,212
 The disappearance of the second coordination shell peak in the implanted 
samples confirms the analysis of the μ-XRD patterns (i.e., that the materials become partially 
amorphous after ion implantation). The decrease in intensity of peak D confirms the observation 
from the GA-XANES spectra that the Ti CN is reduced after implantation.
176,209
 As was 
suggested in Section 5.3.2.1, the Ti coordination environment may also become distorted as a 
result of ion implantation, which would contribute to the reduction in amplitude of peak D 
observed for the EXAFS spectra from the damaged materials compared to the EXAFS spectra 
for the undamaged materials.  
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Figure 5.7: (a) Ti K-edge GA-EXAFS spectra from Gd2Ti2O7 implanted to a dose of 1×10
15
 
ions/cm
2 
or 5×10
15
 ions/cm
2
 are shown. The intense peak labeled as D arises from scattering by 
the first coordination shell while the peak labeled as E results from scattering by the second 
coordination shell, which contains Gd/Ti/Sn. (b) The Ti K-edge GA-EXAFS spectra from 
Gd2TiSnO7 implanted to a dose of 1×10
15
 ions/cm
2 
or 5×10
15
 ions/cm
2
 are shown. 
 
5.3.2.3 Sn L3-edge GA-XANES 
 The effect of ion implantation on the structure of the Gd2Ti2-xSnxO7 materials was further 
investigated by examination of Sn L3-edge XANES spectra. The normalized Sn L3-edge XANES 
spectra collected at different glancing angles from the Gd2Ti2-xSnxO7 samples implanted by Au
-
 
ions to a dose of 1×10
15
 ions/cm
2 
or 5×10
15
 ions/cm
2 
are presented in Figures 5.8 and 5.9. The 
spectra are compared in the figures to the previously discussed XANES spectra (Section 3.3.3, 
Figure 3.6) from the undamaged materials, which allows for a study of the distortion of the Sn 
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site that occurs as a result of ion implantation. The spectra primarily result from 2p3/25s 
(Feature A) and 2p3/25d (Feature B) excitations, respectively.
207-209 
A broader peak (C) is 
observed at higher energies (~3960 eV), which has been attributed to multi-scattering 
resonances.
207-209 
Comparison of spectra from the undamaged Gd2TiSnO7 material collected in 
fluorescence and transmission modes (Figure A3.5) show that the fluorescence spectra are not 
influenced by absorption effects, as was also the case for the Ti K-edge GA-XANES spectra 
discussed earlier.  
 The Sn L3-edge XANES spectra have been found to be very sensitive to changes in the 
electronic structure of Sn-containing materials. For example, a previous examination of the 
Sn L3-edge XANES spectra from Gd2Ti2-xSnxO7 in Chapter 4 (Section 3.3.3, Figure 3.6) has 
shown that the Sn-O bond becomes more covalent with increasing Sn content. The analysis of Sn 
L3-edge GA-XANES spectra from the ion-implanted Gd2Ti2-xSnxO7 materials reported here has 
provided information on how a change in ordering of the coordination environment affects these 
spectra. The absorption edge energy of feature A in the spectra from the damaged materials was 
the same as that found in the spectra from the undamaged Gd2Ti2-xSnxO7 materials, which 
implies that the Sn oxidation state does not change because of implantation. The line shape and 
intensity of the features (A,B,C) in the Sn L3-edge XANES spectra were found to change 
significantly upon ion implantation (Figures 5.8 and 5.9). The intensity of features B and C 
decreased upon ion implantation, and all features (A,B,C) became broader.
234
 (The widths of the 
peaks in the spectra from the ion implanted samples were also observed to increase with 
decreasing glancing angle.) The observed changes in the spectra are attributed to a decrease in 
the degeneracy of the Sn-O states because of a disordering of the crystal lattice after ion 
implantation. The features were observed to be broader in spectra from Gd2Sn2O7 compared to 
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spectra from Gd2TiSnO7 when the materials were implanted to the same dose (Figure 5.10).  This 
observation implies that Gd2Sn2O7 was damaged more than Gd2TiSnO7 by the ion beam. These 
results are in good agreement with analysis of the Ti K-edge GA-XANES spectra and confirm 
that Gd2Ti2-xSnxO7 becomes more susceptible to radiation induced structural damage with 
increasing Sn concentration.  
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Figure 5.8: (a) Sn L3-edge GA-XANES spectra from Gd2TiSnO7 implanted to a dose of 1×10
15
 
ions/cm
2 
are shown along with the XANES spectrum from the undamaged sample. The 
intensities of features B and C decreased with implantation and all features became broader. The 
widths of the peaks were also observed to increase with decreasing glancing angle. (b) 
Sn L3-edge GA-XANES spectra collected from Gd2TiSnO7 implanted to a dose of 5×10
15
 
ions/cm
2
 are shown along with the spectrum from the undamaged material.  
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Figure 5.9: (a) Sn L3-edge GA-XANES spectra from Gd2Sn2O7 implanted to a dose of 
1×10
15
 ions/cm
2
 are shown along with the spectrum from the undamaged material. The 
intensities of feature B and C decrease and all features become broader in the spectra upon 
implantation. The features also became broader with decreasing glancing angle. (b) Sn L3-edge 
GA-XANES spectra from Gd2Sn2O7 implanted to a dose of 5×10
15
 ions/cm
2 
are shown along 
with the spectrum from the undamaged material. 
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Figure 5.10: (a) Sn L3-edge GA-XANES spectra from Gd2TiSnO7 and Gd2Sn2O7 implanted to a 
dose of 1×10
15
 ions/cm
2
 are shown. The glancing angle was adjusted to give an X-ray attenuation 
depth of 450 nm. Broader features were observed in the spectrum from Gd2Sn2O7 compared to in 
the spectrum from Gd2TiSnO7 (b) Sn L3-edge GA-XANES spectra from Gd2TiSnO7 and 
Gd2Sn2O7 implanted to a dose of 5×10
15
 ions/cm
2
 collected using glancing angles that give an 
X-ray attenuation depth of 450 nm are shown. 
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5.3.2.4 Gd L3-edge GA-XANES 
 Gd L3-edge GA-XANES spectra were also collected from the ion implanted 
Gd2Ti2-xSnxO7 and Gd2Zr2O7 samples to study the effect of ion implantation on the local 
coordination environment of Gd. The Gd L3-edge white line XANES spectrum results from a 
2p3/25d excitation and is very intense, which makes this spectrum susceptible to absorption 
effects when collected in fluorescence mode.
211,212
 This can be observed by examining the 
spectra presented in Figure 5.11 from undamaged Gd2Sn2O7 collected in both fluorescence and 
transmission modes. Algorithms can be used to correct the fluorescence spectra; however, these 
procedures are not always reliable.
159,235
 For this reason, the Gd L3-edge GA-XANES spectra 
will not be discussed further.  
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Figure 5.11: Gd L3-edge XANES spectra from the undamaged Gd2Sn2O7 material collected in 
fluorescence and transmission modes. The fluorescence spectrum is strongly influenced by 
absorption effects, leading to a decrease in intensity of the main-edge peak. 
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5.3.3 The effect of Sn substitution on ion beam induced structural damage in Gd2Ti2-xSnxO7 
 The examination of μ-XRD patterns, GA-XANES spectra, and GA-EXAFS spectra has 
clearly shown that the Gd2Ti2-xSnxO7 system becomes more susceptible to radiation-induced 
structural damage upon Sn substitution. As has been stated previously for stannate 
pyrochlore-type oxides, and confirmed here, it is expected that Gd2Ti2-xSnxO7 is not able to 
undergo a phase transition from the pyrochlore structure to the defect fluorite structure when the 
Sn concentration is high because of the covalency of the bond between O
2-
 and the B-site Sn 
cations.
88,227,228,236
 As the Sn-O bond covalency increases, this leads to an increase in the defect 
formation energy for cation anti-site disorder (i.e., the energy required to disorder the Sn atoms 
from the 6-coordinate B-site to the 8-coordinate A-site increases), which results in a decreased 
tendency of the cations to undergo cation anti-site disorder in the structure when the Sn 
concentration is high.
 88,227,228,236
 For this reason, the Gd2Ti2-xSnxO7 materials show a greater 
susceptibility to ion beam induced structural damage with greater Sn content, instead of 
undergoing an order-disorder phase transition (i.e., from the pyrochlore structure to the defect 
fluorite structure). However, previous studies of Y2Ti2-xSnxO7 have shown that these materials 
actually become more resistant to radiation induced structural damage as the Sn content 
increases.
189
 The reason for the different behaviour of these two systems can be explained by 
examination of the radius ratios between the A- and B-cations in these materials. The cationic 
radius ratio is lower in Y2Sn2O7 (rY3+/rSn4+ = 1.48) than in Gd2Sn2O7 (rGd3+/rSn4+ = 1.53).
155
 As the 
A-site ionic radius approaches that of the B-site cation, the ability of the material to undergo 
cation anti-site disorder and transform from the pyrochlore-type structure to the defect 
fluorite-type structure is determined by the rA/rB radius ratio, with the degree of covalency of the 
metal-O bond playing a lesser role.
88,228,229
 It is because of this that it is believed that Gd2Sn2O7 
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becomes partially amorphous upon ion implantation while Y2Sn2O7 remains crystalline and 
transforms from the pyrochlore structure to the defect fluorite structure.
189
 Further, Gd2Zr2O7 is 
also more likely to undergo a phase transition from the pyrochlore structure to the defect fluorite 
structure after ion implantation instead of becoming amorphous because of the low rGd3+/rZr4+ 
radius ratio (rGd3+/rZr4+ = 1.46) in Gd2Zr2O7.
83,155,212 
All of these observations indicate the 
importance of both bond covalency and ionic radii to the ability of a material to resist ion beam 
induced structural damage, with the ionic radii of A- and B-site cations playing a more important 
role.
41,86,212
  
5.4 Conclusions  
 Ion beam implantation studies were performed on Gd2Ti2-xSnxO7. A greater 
understanding of how the structure of these pyrochlore-type materials change in response to ion 
beam implantation has been gained by analysis of μ-XRD patterns and GA-XANES/EXAFS 
spectra. The study of Ti K- and Sn L3-edge GA-XANES spectra has allowed for a detailed 
investigation of how the Ti and Sn sites change after ion implantation, and has provided a level 
of detail that cannot be achieved by analysis of X-ray or electron diffraction patterns alone. This 
investigation has shown that the Gd2Ti2-xSnxO7 materials become more susceptible to ion beam 
induced structural damage with increasing Sn concentration, which is a result of the covalency of 
the Sn-O bond. This study has also shown how GA-XANES can be used to understand the effect 
of ion implantation on the structures of materials.  
  
129 
 
Chapter 6 
A study of the electronic structure and structural stability of 
Gd2Ti2O7 based glass-ceramic composites  
6.1 Introduction  
Glass-ceramic composites have received attention for the immobilization (i.e., 
sequestration) of nuclear waste because of the flexible structure of these materials, which can 
enhance the incorporation of radioactive waste elements.
53,55,237-239
 For glass-ceramic composite 
materials to be a potential nuclear wasteform, they must have a homogeneous distribution of 
crystalline materials in the bulk of a glass matrix, and the ability to incorporate actinides and 
other fission products in either the crystalline structure or the glass matrix.
54,98,99,239
 The glass in 
these composites can also act as a secondary barrier for the radioactive waste incorporated in the 
crystalline material.
98,100,239
 Glass-ceramic composite materials can exhibit varying degrees of 
resistance to radiation induced structural damage depending on the composition of the glass 
and/or the crystalline material.
32,100,240
 The potential for developing glass-ceramic composites 
containing pyrochlore-type oxides, and the possibility of these materials to be resistant to 
radiation induced structural damage, has led to an increased interest in using these materials for 
the sequestration of nuclear waste.
54,98,99,239
 Therefore, it is important to understand how the 
chemistry of these materials affect their resistance to radiation induced structural damage, which 
can be simulated using high energy ion beam implantation using ions such as Au
-
, Kr
+
, or 
Xe
+
.
32,45,55,102,240
 
*
 A version of this Chapter has been published. Reprinted with permission from Aluri, E. R.; Grosvenor, A. 
P. RSC Adv.  2015, 5, 80939. © 2015 The Royal Society of Chemistry doi: 10.1039/c5ra10720b 
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 Borosilicate glass compositions have been proposed in the past for the immobilization of 
nuclear waste because of the stability and flexibility of the silicate network, which can also 
incorporate large amounts of radioactive waste elements.
11,32,45,54,55
 It has been recently 
demonstrated that the presence of transition metals (e.g., Fe) in the borosilicate glass can lead to 
an increased resistance to structural defects caused by β-particles or γ-rays.242-244 The release of 
β-particles and γ-rays from radioactive elements can lead to the formation of electron-hole pairs, 
which can result in a change in the silicate and borate bonding networks.
241,243
 Previous reports 
have suggested that Fe present in the glass matrix can trap the electron-hole pairs because of the 
redox characteristics of this element.
241,243
 
The objective of this study was to understand the interaction of pyrochlore crystallites 
within a glass matrix, and to investigate how these materials change as a result of ion 
implantation. Composite materials consisting of a borosilicate (and Fe-Al-borosilicate) glass 
matrix containing Gd2Ti2O7 pyrochlore-type crystallites have been synthesized using different 
annealing temperatures. Electron microscopy and powder X-ray diffraction (XRD) have been 
used to study how the Gd2Ti2O7 crystallites dispersed in the glass matrix. The interaction of 
Gd2Ti2O7 in the glass matrix has been examined before and after ion implantation by collecting 
Ti K-edge (GA-)XANES spectra. Si L3-, Fe K-, and Al L3-edge XANES spectra were also 
collected to investigate how the electronic structure of the glass changes depending on Gd2Ti2O7 
loading, the glass composition, and the annealing temperature used to make these composite 
materials.  
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6.2 Experimental  
6.2.1 Synthesis 
 Borosilicate glass (BG), Fe-Al-borosilicate glass (FABG), and glass-pyrochlore 
composites (BG/FABG-Gd2Ti2O7) were synthesized by a conventional solid state method. The 
compositions of the borosilicate and Fe-Al-borosilicate glasses are listed in Table 6.1. 
Appropriate amounts of the respective metal oxide powders were mixed using a mortar and 
pestle and placed in graphite crucibles. The mixtures were annealed at 1100
 o
C for 1 hour in air 
to produce the glass materials. The amorphous structure was confirmed by examination of 
powder XRD data. Diffraction patterns from each sample were collected at room temperature 
using a PANalytical Empyrean X-ray diffractometer and a Co Kα1,2 X-ray source. The phase 
analysis was determined using the High Score Plus software package.
150
 The synthesized 
borosilicate glass and Fe-Al-borosilicate glass powders were re-annealed in air at 750
 o
C for 1 
hour and the phases of these samples were analysed using powder XRD. Fe-borosilicate glass 
(FBG) and Al-borosilicate glass (ABG) samples were also synthesized to aid in analysis of the 
XRD patterns. The compositions of these glasses are also listed in Table. 6.1.  
 Gd2Ti2O7 was synthesized using a simple ceramic method, which was discussed in 
previous Chapters (Section 3.2.1). Different weight percentages of Gd2Ti2O7 (10 wt% to 90 
wt%) were mixed with the borosilicate glass (BG) to form the glass-pyrochlore composites. 
Gd2Ti2O7 and BG were ground using a mortar and pestle to produce particles of ≤ 100 μm in 
size, pressed into pellets uniaxially at 6 MPa, and then placed in graphite crucibles. The pellets 
were heated in air at 1100
 o
C or 750
 o
C for 1 hour. All composite materials were quench cooled 
in air and were observed to be glass beads after annealing. Similarly, FABG-pyrochlore 
composites (10 wt% to 90 wt% loadings of Gd2Ti2O7) were also formed at different annealing 
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temperatures (1100
 o
C and 750
 o
C). The phase analysis of these composite materials was 
performed using powder XRD. The labels used to name the glasses and glass-ceramic 
composites studied are listed in Table 6.2. 
Table 6.1 Compositions of the different glasses synthesized. 
  Glass SiO2 
(mol %) 
B2O3 
(mol %) 
Na2O 
(mol %) 
CaO 
(mol %) 
Fe2O3 
(mol %) 
Al2O3 
(mol %) 
Borosilicate (BG) 63.5 16.9 16.5 3.1 - - 
Fe-Al-borosilicate 
(FABG) 
55.5 16.9 16.5 3.1 3.0 5.0 
Fe-borosilicate 
(FBG) 
60.5 16.9 16.5 3.1 3.0 - 
Al-borosilicate 
(ABG) 
58.5 16.9 16.5 3.1 - 5.0 
 
 
Table 6.2 Labels used to name the glasses and glass-ceramic composites studied. 
Label Sample description 
BG                   Borosilicate glass 
FABG                   Fe-Al-borosilicate glass 
FBG          Fe-borosilicate glass 
ABG Al-borosilicate glass 
BG-Gd2Ti2O7-1100 
o
C/750 
o
C 
Borosilicate glass- Gd2Ti2O7 composite materials 
annealed at 1100 
o
C or 750 
o
C 
FABG-Gd2Ti2O7-1100 
o
C/750 
o
C 
Fe-Al-borosilicate glass- Gd2Ti2O7 composite 
materials annealed at 1100 
o
C or 750 
o
C 
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6.2.2 Electron microprobe analysis 
 Backscattered electron images (BSE) and energy dispersive X-ray spectroscopy (EDX) 
spectra were collected using a JEOL 8600 electron microprobe instrument. The glass-pyrochlore 
composite beads were mounted in a polymer resin and the surface of the beads was polished to a 
smooth surface using diamond paste. The samples were coated with a conductive carbon coating 
prior to introducing them into the instrument. BSE images were collected from the borosilicate 
glass composite materials (20 wt% and 40 wt% loading of Gd2Ti2O7 annealed at 1100 
o
C; 
20 wt%, 40 wt%, and 60 wt % loading of Gd2Ti2O7 annealed at 750 
o
C) at 1000X magnification. 
BSE images were also collected from the composite materials before and after ion implantation 
using a magnification of 100X. EDX spectra were collected to determine the chemical 
composition at different locations in each sample.  
6.2.3 Ion beam implantation 
The borosilicate glass-pyrochlore composites (40 wt% loading of Gd2Ti2O7 annealed at 
1100 
o
C; 20 wt%, 40 wt%, and 60 wt% loading of Gd2Ti2O7 annealed at 750 
o
C) were implanted 
with high energy (2 MeV) Au
-
 ions using the 1.7 MV Tandetron accelerator located at Interface 
Science Western (ISW), University of Western Ontario. The polished side of each glass-ceramic 
composite bead (see Section 6.2.2) was implanted to a dose of 5×10
14
 ions/cm
2
. The ion beam 
was aligned normal to the glass-ceramic bead surface during implantation. As was stated earlier, 
the 2 MeV Au
-
 ions were calculated to implant to a maximum depth of ~450 nm in Gd2Ti2O7 
(Section 5.2.2). The ion implantation depth profile calculated previously for Gd2Ti2O7 
(Figure 5.1) was used in this study based on the assumption that pyrochlore crystallites are 
134 
 
located at the surface of the polished glass-ceramic composite beads that were exposed to the Au
-
 
ion beam. 
6.2.4 XANES  
Ti K- and Fe K-edge XANES spectra were collected from as-synthesized BG-Gd2Ti2O7 
and FABG-Gd2Ti2O7 (20 wt%, 50 wt%, and 80 wt% of Gd2Ti2O7) composite materials annealed 
at 1100 
o
C and 750 
o
C. The spectra were collected using the Canadian Light Source/X-ray 
Science Division Collaborative Access Team (CLS/XSD, Sector 20) bending magnetic beamline 
(20BM) located at the Advanced Photon Source (APS), Argonne National Laboratory.
195
 The 
spectral resolution is 0.7 eV at 4966 eV (Ti K-edge) and 1.0 eV at 7112 eV (Fe K-edge).
195
 
Samples were prepared by sealing finely ground powder between layers of Kapton tape, and the 
thickness was varied by adding or removing layers of powder between tape to maximize the 
absorption-edge step height. The spectra were recorded in transmission mode using ionization 
chambers filled with He(g) and N2(g) (80% He:20% N2 for the Ti K-edge and 0% He:100% N2 for 
the Fe K-edge) to achieve optimal absorption-edge step heights and signal-to-noise ratios. 
XANES spectra were collected using a step size of 0.15 eV through the Ti K- and Fe K-edges. 
The Ti K-edge spectra were calibrated using Ti metal (4966 eV), and the Fe-edge spectra were 
calibrated using Fe metal (7112 eV).
151
  
Ti K-edge GA-XANES analysis of the ion implanted pellets of the glass-ceramic 
composites was also performed (using the 20 BM beamline located at the APS) by vertically 
focusing the X-ray beam to yield a beam height of 0.15 mm while maintaining the beam width at 
1 mm. Ti K-edge GA-XANES spectra were collected in fluorescence mode using a single 
element vortex silicon drift detector and a step size of 0.25 eV through the absorption edge. The 
experimental details for GA-XANES measurements were described in Sections 4.2.4 and 5.2.4. 
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A web based program was used to calculate the glancing angles required to reach specific X-ray 
attenuation depths for photons having energies of 4966 eV (Ti K-edge; see Table 6.3 (also 
provided in Table 4.1)).
151
  
The Si L2,3-edge and Al L2,3-edge XANES spectra from the undamaged BG-Gd2Ti2O7 
and FABG-Gd2Ti2O7 composite materials were measured using the Variable Line Spacing-Plane 
Grating Monochromator (VLS-PGM; 11ID-2) beamline at the Canadian Light Source (CLS).
153
 
The samples were prepared by placing finely ground powder on carbon tape. The spectra were 
collected in total fluorescence yield mode (TFY) using a step size of 0.05 eV through the Si 
absorption edge and 0.025 eV through the Al absorption edge. The spectra were calibrated using 
elemental Si for the Si L2,3-edge (99.40 eV) and Al metal for the Al L2,3-edge (72.55 eV).
151
 
Analysis of all XANES spectra was performed using the Athena software program.
151 
 
Table 6.3 Calculated glancing angles required to give specific X-ray attenuation depths in 
Gd2Ti2O7 for photons having energies of 4966 eV (Ti K-edge).  
Ti K-edge (4966 eV) 
X-ray 
attenuation  
depth  (nm) Glancing angle 
220 1.4
o
 
450 4.5
o
 
4088 45
o
 
 
 
 
 
136 
 
6.3 Results and discussion 
6.3.1 Powder X-ray diffraction  
 Powder XRD patterns from the glasses and glass-pyrochlore composite materials were 
collected to gain information about the different phases that are present in these materials. The 
XRD patterns from the composite materials annealed at 1100 
o
C and 750 
o
C are shown in 
Figures 6.1 and 6.2, respectively. The patterns from the glasses annealed at 1100 
o
C 
(BG-1100 
o
C and FABG-1100 
o
C) show only a broad hump in the region of 20-30
o 
(Figure 6.1), 
which confirms the amorphous structure of these materials. The diffraction pattern from the 
borosilicate glass annealed at 750 
o
C shows peaks representative of quartz (SiO2) along with a 
broad amorphous hump (Figure 6.2a), whereas the diffraction pattern from the FABG sample 
annealed at 750 
o
C shows only a broad hump (Figure 6.2b). This observation indicates that 
quartz (SiO2) was formed from the amorphous silicate network when the borosilicate glass (BG) 
was annealed at 750 
o
C; however, the amorphous nature of the Fe-Al-borosilicate glass (FABG) 
was stable when annealed at this temperature (c.f. Figure 6.2).
245
 The stabilization of the 
amorphous structure of the FABG sample was assumed to be a result of the presence of Fe 
and/or Al. The XRD patterns from the Fe- or Al- only containing borosilicate glass (i.e., FBG or 
ABG) samples annealed at 750 
o
C (i.e., FBG-750 
o
C, ABG-750 
o
C) were collected to aid in the 
analysis of the stabilization of FABG-750 
o
C and these patterns are shown in Figures 6.2c and 
6.2d. Diffraction peaks indicating the presence of quartz are observed in the pattern from the 
FBG sample but not in the pattern from the ABG sample, which indicates that Al2O3 is 
responsible for stabilizing the amorphous structure of the Fe-Al-borosilicate glass regardless of 
annealing temperature. The small addition of aluminum oxide (Al2O3), as a network modifier, 
can break SiO4
4-
 tetrahedral bridging bonds and stabilize the amorphous structure of the glass so 
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as not to allow depolymerization of the glass network to occur.
55,246,247
 The presence of 
Aluminum oxide in the FABG sample helps to stabilize the amorphous structure of this material 
relative to the BG sample.  
 Powder XRD patterns were collected from all glass-ceramic composite materials and are 
shown in Figures 6.1 and 6.2. Diffraction peaks from crystalline Gd2Ti2O7 as well as a broad 
hump are observed in the patterns from the BG-Gd2Ti2O7-1100 
o
C, FABG-Gd2Ti2O7-1100 
o
C, 
and FABG-Gd2Ti2O7-750 
o
C composite materials (Figures 6.1a, 6.1b, and 6.2b). The patterns 
from the BG-Gd2Ti2O7-750 
o
C materials that contain different loadings of Gd2Ti2O7 (Figure 
6.2a) contain diffraction peaks from Gd2Ti2O7 and quartz, as well as a broad hump that is 
representative of a glass. The observed decrease in the intensities of the diffraction peaks from 
quartz with an increase in the loading of Gd2Ti2O7 (Figure 6.2a) is mainly caused by the 
progressive increase in the difference of the average scattering power between materials that 
contain different loadings of Gd2Ti2O7 and quartz.  
Examination of the patterns from the composite materials annealed at 1100 
o
C 
(Figure 6.1) shows that the minimum Gd2Ti2O7 loading where the pyrochlore phase peaks started 
to appear in the diffraction patterns is 40 wt%. This indicates that some of the Gd2Ti2O7 
crystallites dissolved in the glass when the composite materials were annealed at 1100 
o
C. 
However, the patterns from the composite materials annealed at 750 
o
C (Figure 6.2) showed 
diffraction peaks from Gd2Ti2O7 in all of the composite materials studied. These observations 
indicate that the low annealing temperature (i.e., 750 
o
C) favours the formation of a composite 
material with a negligible amount of pyrochlore dissolving in the glass matrix.  
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Figure 6.1 XRD patterns from the (a) Borosilicate glass (BG) and the BG-ceramic composite 
materials annealed at 1100
o
C and (b) Fe-Al-borosilicate glass (FABG) and the FABG-ceramic 
composite materials (20 wt%, 40 wt%, and 80 wt% loading of Gd2Ti2O7) annealed at 1100
o
C are 
shown. The patterns from the glass materials are also shown.  
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Figure 6.2 XRD patterns from the (a) borosilicate glass and its composite materials annealed at 
750
o
C and (b) Fe-Al-borosilicate glass and its composite materials (10 wt%, 20 wt%, 40 wt%, 
and 80 wt% loading of Gd2Ti2O7) annealed at 750
o
C are shown. Diffraction peaks from quartz 
are marked by an asterisk (*). Patterns from (c) Fe-borosilicate glass (FBG) and (d) 
Al-borosilicate glass (ABG) annealed at 750
o
C are also shown. 
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6.3.2 Electron microscopy 
 Backscattered electron (BSE) images from the borosilicate glass composites annealed at 
750 
o
C or 1100 
o
C are shown in Figure 6.3. BSE images are helpful for obtaining compositional 
maps of a sample, and for identifying phases depending on the average atomic number.
248
 The 
BSE images from the borosilicate glass composite materials (Figure 6.3) show that the 
pyrochlore crystallites (bright area) are distributed in the glass matrix (dark area). Pores are 
observed in the glass matrix because of air bubble formation during annealing.  
The BSE images from the composite materials annealed at different temperatures 
(Figures 6.3a-6.3e) shows that the grain size of the pyrochlore crystallites are smaller in the 
composite materials annealed at the highest temperature (1100 
o
C). The BSE images (Figure 
6.3d-e) collected from the composites annealed at 1100 
o
C shows that the Gd2Ti2O7 crystallites 
completely dissolved in the glass matrix when the composite contained a low (20 wt %) loading 
of Gd2Ti2O7 while some crystallites remained when a higher (40 wt%) loading of Gd2Ti2O7 was 
present. Examination of EDX spectra (Figure A4.1a in Appendix A4) collected from different 
locations in the BG-Gd2Ti2O7-1100 
o
C sample containing a 40 wt% loading of Gd2Ti2O7 shows 
that the regions in the micrographs (see Figure 6.3e) that appear glass-like contain high 
concentrations of Gd and Ti. The BSE images and EDX spectra (Figure 6.3e and A4.1a) confirm 
that Gd2Ti2O7 crystallites dissolved in the glass matrix after annealing the mixture at 1100 
o
C. 
However, only a small fraction of the Gd2Ti2O7 crystallites dissolved in the glass matrix of the 
composite materials annealed at 750 
o
C (see Figures 6.3a-c and A4.1). These observations are in 
agreement with the powder XRD analysis presented above. BSE images were also collected from 
the ion implanted composite materials and are compared to those from the as-synthesized 
materials in Figure A4.2. The morphology and grain size of the Gd2Ti2O7 crystallites in the glass 
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matrix were observed to be similar when comparing the as-synthesized and ion implanted 
materials. 
 
 
Figure 6.3 (a,b,c) Backscattered images from the borosilicate glass composite materials (20 
wt%, 40 wt%, and 60 wt% loading of Gd2Ti2O7, respectively) annealed at 750
o
C. (d,e) 
Backscattered electron images from the borosilicate glass composite materials (20 wt% and 40 
wt% Gd2Ti2O7, respectively) annealed at 1100
o
C. The scale bar in each image is 10 µm. 
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6.3.3 XANES analysis of the as-synthesized materials 
 XANES spectra are sensitive to changes in the electronic structure and coordination 
environment of atoms/ions in materials.
121,125 
Examination of Ti K-, Fe K-, Si L2,3-, and Al 
L2,3-edge XANES spectra from the glass-ceramic composites has allowed for a study of how the 
annealing temperature, glass composition, and the loading of Gd2Ti2O7 affected the local 
environment of atoms of these elements. 
6.3.3.1 Ti K-edge XANES 
 The Ti K-edge XANES spectra from the as-synthesized BG-Gd2Ti2O7 and 
FABG-Gd2Ti2O7 composite materials (20 wt%, 50 wt%, and 80 wt% loading of Gd2Ti2O7) 
annealed at either 1100 
o
C or 750 
o
C are shown in Figures 6.4 and 6.5, respectively. The 
spectrum from Gd2Ti2O7, which was presented previously (Figure 4.3), is also presented in these 
figures. Examination of the Ti K-edge spectra has allowed for a study of how changes in the 
loading of Gd2Ti2O7 in the composite materials and the annealing temperature has affected the 
local coordination environment of Ti. The spectra result from 1s3d (quadrapolar; pre-edge 
(A)) and 1s4p (dipolar; main-edge (B,C)) transitions.159,161,177 A detailed discussion of these 
features was presented in previous Chapters (Section 3.3.2, 4.3.2 and 5.3.2.1).  
All of the pre-edge and main-edge features (A,B,C) in the spectra were found to change 
significantly by varying the loading of Gd2Ti2O7 in the composite materials or the annealing 
temperature. The intensity of the pre-edge feature (A) decreased while the energy (B) and 
intensity (C) of the main-edge feature increased as the loading of Gd2Ti2O7 increased in the 
composite materials (Figures 6.4 and 6.5). These changes in the Ti K-edge XANES spectra have 
been shown in the previous Chapters (Section 2.3.4 and 5.3.2.1) to be a result of an increase in 
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the CN of Ti
4+
.
59,130,131,249
 The observed increase in Ti CN suggests that the amount of Gd2Ti2O7 
dissolved in the glass matrix decreases as the loading of Gd2Ti2O7 in the composite materials 
increases, which is in agreement with the powder XRD and electron microscopy results. The 
spectra from the composite materials having a low wt% of Gd2Ti2O7 show that Ti occupies a low 
coordinationate environment when Gd2Ti2O7 dissolved in the glass. Ti was found to adopt a 
similar coordination environment in amorphous metal silicates previously investigated by this 
research group.
131,249
  
Examination of the spectra from the borosilicate and Fe-Al-borosilicate glass composite 
materials containing the same Gd2Ti2O7 loading and annealed at 1100 
o
C (Figure 6.6a) shows 
that less Gd2Ti2O7 dissolved in the Fe-Al-borosilicate glass as compared to the borosilicate glass. 
Only a small change was observed in the spectra from the composite materials annealed at 
750
 o
C when compared to the spectra from Gd2Ti2O7 (Figure 6.6b). These observations indicate 
that the FABG glass composition and lower annealing temperature favours the formation of 
composite materials with a small amount of the pyrochlore crystallites having dissolved in the 
glass, which is in agreement with the XRD and electron microscopy results. 
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Figure 6.4 Ti K-edge XANES spectra from BG-Gd2Ti2O7-1100
o
C and FABG-Gd2Ti2O7-1100
o
C 
containing 20 wt% , 50 wt%, and 80 wt% loading of Gd2Ti2O7 are shown. The spectra are 
compared to the spectrum from Gd2Ti2O7. Feature A represents the pre-edge region (1s→3d) and 
is shown in the inset. Feature B and C (1s→4p) represent the main-edge region. The arrows 
show the changes in intensity and energy of spectral features that occur with increasing loading 
of Gd2Ti2O7.  
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Figure 6.5 Ti K-edge XANES spectra from BG-Gd2Ti2O7-750
o
C and FABG-Gd2Ti2O7-750
o
C 
containing 20 wt% , 50 wt%, and 80 wt% loading of Gd2Ti2O7. The spectra are compared to the 
spectrum from Gd2Ti2O7. Arrows mark the changes observed in the spectra with increasing 
loading of Gd2Ti2O7.  
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Figure 6.6 (a) Ti K-edge XANES spectra from BG- and FABG- composite materials (50 wt% 
Gd2Ti2O7) annealed at 1100
o
C are shown. (b) Ti K-edge XANES spectra from 
BG-Gd2Ti2O7-750
o
C and FABG-Gd2Ti2O7-750
o
C containing the same loading of Gd2Ti2O7 are 
shown. Arrows mark the changes observed in the spectra from the composite materials as 
compared to Gd2Ti2O7.  
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6.3.3.2 Si L2,3-edge XANES  
 Si L2,3-edge XANES spectra were also collected to study how the Si environment was 
affected by varying the loading of Gd2Ti2O7, annealing temperature, and the type of glass used. 
Normalized Si L2,3-edge XANES spectra from the borosilicate glasses annealed at 1100 
o
C or 
750 
o
C are shown in Figure 6.7. The spectra are compared to a previously reported spectrum of 
amorphous SiO2.
247
 The Si L2,3-edge spectra exhibit two features that result from 2p3s 
(Feature D) and 2p3d (Feature E) transitions, respectively.249 The low-energy region feature 
(D) is split into two peaks (D1 and D2), which result from 2p3/23s (D1) and 2p1/23s (D2) 
transitions because of spin-orbit splitting.
162,250-252
  
 Comparision of the spectra from the borosilicate glasses annealed at 750 
o
C or 1100 
o
C to 
the spectrum from amorphous SiO2 (Figure 6.7) reveals a significant difference in the line 
shapes. Feature D and E become narrower to higher energy in the spectra from the borosilicate 
glass annealed at 750 
o
C or 1100
 o
C as compared to the spectrum from amorphous SiO2. Previous 
studies of various metal containing amorphous silicates and quartzes have shown that these 
features become narrower to higher energy as the materials change from amorphous silicates to 
quartzes.
253,255
 These changes are attributed to an increase in the degeneracy of the Si-O states 
because of a more ordered SiO4
4- 
tetrahedral bond network in the quarz lattice.
252-255
 This is also 
supported by the presence of quartz in the XRD pattern from the borosilicate glass annealed at 
750 
o
C (see Figure 6.2a). The width of the features in the spectra from the composite materials 
were observed to decrease (Figure 6.8 and 6.9) with increasing loading of Gd2Ti2O7. The 
observed changes in the spectra are attributed to changes in the ordering of the glass, including 
crystallization of quartz, and because of variations in the glass composition as a result of the 
pyrochlore crystallites dissolving in the glass which may lead to next-nearest-neighbour effects 
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between the metal cations and Si.
 252-255
 These observations suggest that both the loading of 
Gd2Ti2O7 in the composite and the annealing temperature affect the silicate network in the 
glass-ceramic composite materials.  
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Figure 6.7 Si L2,3-edge XANES spectra from the borosilicate glass annealed at 1100 
o
C or 
750 
o
C are shown. The spectra are compared to the spectrum of amorphous SiO2 that was 
reported previously.
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Figure 6.8 Si L2,3-edge XANES spectra from (a) BG-Gd2Ti2O7-1100 
o
C and (b) 
FABG-Gd2Ti2O7-1100 
o
C containing 20 wt% , 50 wt%, and 80 wt% loading of Gd2Ti2O7 are 
shown. The spectra are compared to the spectrum from the corresponding glass. Features C and 
D become narrower to higher energy with increasing loading of Gd2Ti2O7.  
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Figure 6.9 Si L2,3-edge XANES spectra from (a) BG-Gd2Ti2O7-750 
o
C and (b) 
FABG-Gd2Ti2O7-750 
o
C containing 80 wt% , 50 wt%, and 20 wt% loading of Gd2Ti2O7 are 
shown. The spectra are compared to the spectrum from the corresponding glass. 
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6.3.3.3 Fe K-edge XANES  
Fe K-edge XANES spectra (Figure 6.10) were collected to study the redox chemistry of 
Fe in the Fe-Al-glass (FABG) and Fe-Al-glass-ceramic composites (FABG-Gd2Ti2O7) when 
annealed at different temperatures. The spectrum from the FABG sample is compared to the 
previously reported spectra from FeO (Fe
2+
) and Fe2O3 (Fe
3+
) in Figure 6.10a.
200,223
 The spectra 
contain both pre-edge (1s→3d) and main-edge (1s→4p) excitations like in the Ti K-edge 
XANES spectra.
130,157,162
 Comparison of the absorption edge energy (Figure 6.10a) of the spectra 
from FABG, FeO, and Fe2O3 shows that both Fe
3+
 and Fe
2+
 exist in the glass.  
The spectra from the composite materials (20 wt%, 50 wt%, and 80 wt% loading of 
Gd2Ti2O7) annealed at 1100 
o
C and 750 
o
C are shown in Figures 11b and 11c, and are compared 
to the spectrum from FABG. The intensity and energy of features A, B, or C do not change 
considerably in the spectra (Figure 6.10b and 6.10c) when the loading of Gd2Ti2O7 was varied. 
However, the intensity and absorption energy of features A and B do change when comparing 
the spectra from FABG-Gd2Ti2O7-1100 
o
C/750 
o
C to the spectrum from FABG. A shift of the 
absorption edge to lower energy was observed in the composite materials annealed at 1100 
o
C 
(Figure 6.10b) whereas the absorption edge shifted to higher energy when the composite 
materials were annealed at 750 
o
C (Figure 6.10c). The energy of the pre-edge peak (A) in Fe 
K-edge XANES spectra has been observed previously to not be affected significantly by changes 
in the Fe CN.
157,162,178,203
 Therefore, the observed shifts in energy of both the pre-edge (A) and 
main-edge (B) features in the Fe K-edge XANES spectra in Figure 6.10 from the composite 
materials annealed at 750 
o
C or 1100 
o
C are a result of variations in the oxidation state of Fe. 
Comparision of the spectra from FABG-Gd2Ti2O7-750 
o
C and FABG shows that the oxidation 
state of Fe in the glass matrix is completely oxidized to 3+ when the composite system was 
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annealed at 750 
o
C (cf. Figures 6.10a and 6.10c). Further, examination of the spectra from 
FABG-Gd2Ti2O7-1100 
o
C and FABG shows that the oxidation state of Fe in the glass was 
reduced to 2+ when the composite materials were annealed at 1100 
o
C (cf . Figures 6.10a and 
10b). As stated earlier, the intensity of the pre-edge feature (A) in transition metal K-edge 
XANES spectra can change as a result of a variation of the CN of the metal.
130,157,203
 The 
intensity of the pre-edge feature increased in the spectra from FABG-Gd2Ti2O7-750 
o
C compared 
to the spectrum from the as-synthesized FABG sample (Figure 6.10c) while the pre-edge peak 
intensity in the spectrum from FABG-Gd2Ti2O7-1100 
o
C was observed to be less intense 
compared to the spectrum from as-synthesized FABG (Figure 6.10b). The changes observed here 
suggest that the CN of Fe decreases when the composite materials were annealed at 750 
o
C and 
that the CN of Fe increases when the composite materials were annealed at 1100 
o
C.  
The observed changes in Fe oxidation state by varying the annealing temperature are a 
result of a redox reaction between oxygen and Fe. The Fe K-edge XANES spectra show that Fe 
in the composite materials was reduced to Fe
2+
 when annealed at 1100 
o
C and oxidized to Fe
3+
 
when the composites were annealed at 750 
o
C, which can be described by the following 
equilibrium reaction: 4Fe
3+
+2O
2- 
< 𝑇
⇌
> 𝑇
 4Fe2++O2.
256-259
 The reduction of Fe
3+
 to Fe
2+
 at 1100 
o
C 
may also be caused by Gd2Ti2O7 crystallites dissolving in the glass matrix when the composite 
materials were annealed at this temperature. These observations indicate that the oxidation state 
and CN of Fe in the composite materials are strongly affected by the annealing temperature. 
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Fgure 6.10  (a). The Fe K-edge XANES spectrum from FABG is compared to the spectra from 
FeO (Fe
2+
) and Fe2O3 (Fe
3+
). (b,c) Fe K-edge XANES spectra from FABG-Gd2Ti2O7-1100
o
C and 
FABG-Gd2Ti2O7-750
o
C containing 20 wt% , 50 wt%, and 80 wt% loading of Gd2Ti2O7 are 
shown. These spectra are compared to the spectrum from FABG. Shifts in the absorption energy 
of the composite materials annealed at different temperatures as compared to the spectrum from 
FABG are indicated using arrows. 
 
6.3.3.4 Al L2,3-edge XANES 
Al L2,3-edge XANES spectra were collected from the FABG-composite materials 
annealed at different temperatures (Figure 6.11). The spectra consist of two features D and E, 
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which result from 2p3s and 2p3d transitions, respectively.260 Al L2,3-edge XANES spectra 
have been shown previously to be sensitive to changes in the Al CN.
260
 Examination of the 
spectra from the FABG-Gd2Ti2O7 composite materials (Figure 6.11) show negligible changes in 
the spectral features with changes in loading or annealing temperature. These observations 
indicate that the Gd2Ti2O7 loading and annealing temperature do not significantly affect the 
coordination environment of Al in the composite materials.  
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Figure 6.11 Al L2,3-edge XANES spectra from (a) FABG-Gd2Ti2O7-1100
o
C and (b) 
FABG-Gd2Ti2O7-750
o
C are shown.  
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6.3.4 Ti K-edge GA-XANES of the ion-implanted materials 
Glancing angle XANES (i.e., GA-XANES) spectra were collected from ion implanted 
composite samples to study how the local environment of Ti in the materials change as a result 
of ion-beam implantation. As was discussed previously (Section 5.2.2), 2 MeV Au
-
 ions 
penetrate to a maximum depth of ~450 nm in Gd2Ti2O7. Ti K-edge GA-XANES spectra were 
collected using glancing angles of 1.4
o
, 4.5
o
, and 45
o
, which provide X-ray attenuation depths of 
220 nm, 450 nm, and 4088 nm, respectively. 
Normalized Ti K-edge GA-XANES spectra from BG-Gd2Ti2O7-1100 
o
C (60 wt% loading 
of Gd2Ti2O7) and BG-Gd2Ti2O7-750 
o
C (20 wt%, 40 wt%, and 60 wt% loading of Gd2Ti2O7) 
implanted using Au
-
 ions to a dose of 5×10
14
 ions/cm
2
 are shown in Figure 6.12. The spectra 
from the as-synthesized composite materials are also presented. Compared to the spectrum from 
as-synthesized materials, the intensity of the pre-edge peak (A) increased while the intensity and 
energy of the main-edge peak (B,C) decreased as a result of ion implantation.
101
 These changes 
are indicative of a decrease in Ti CN because of ion implantation. The observed decrease in Ti 
CN indicates that ion implantation damages the structure of Gd2Ti2O7 in the composite 
materials.
101
 GA-XANES spectra collected at different glancing angles from the ion implanted 
composite materials annealed at 750 
o
C or 1100 
o
C (Figure 6.12) shows that more damage occurs 
near the surface compared to deeper into the material. A comparision of the spectra collected at a 
glancing angles providing the same X-ray attenuation depth from ion-implanted 
BG-Gd2Ti2O7-750 
o
C and Gd2Ti2O7 (Figure 6.13) shows that the damage experienced by 
Gd2Ti2O7  in the composite materials was similar to that experienced by the sample that only 
contained Gd2Ti2O7.  
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Figure 6.12 Ti K-edge GA-XANES spectra from (a) BG-Gd2Ti2O7-1100 
o
C (60 wt% loading of 
Gd2Ti2O7) and (b,c,d) BG-Gd2Ti2O7-750 
o
C (20 wt%, 40 wt%, and 60 wt% loadings of 
Gd2Ti2O7) implanted using Au
-
 ions to a dose of 5×10
14
 ions/cm
2
 are shown. These spectra are 
compared to the spectrum from the as-synthesized composite materials. The angles listed, 1.4
o
, 
4.5
o
 and 45
o
, are the glancing angles used to attain X-ray penetration depths of 220, 450, and 
4088 nm, respectively. The changes observed in the spectra with decreasing glancing angle are 
indicated by arrows. 
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Figure 6.13 (a) Ti K-edge GA-XANES spectra from BG-Gd2Ti2O7-750 
o
C (40 wt% loading of 
Gd2Ti2O7) and Gd2Ti2O7 implanted to a dose of 5×10
14
 ions/cm
2 
are shown. The glancing angle 
was adjusted for each sample to give an X-ray attenuation depth of 220 nm.  
 
6.4 Conclusions  
A greater understanding of glass-ceramic composites has been achieved by the 
examination of pyrochlore-containing glass-ceramic composite materials by XRD, electron 
microscopy, and XANES. Glass-ceramic composite materials were synthesized at 1100 
o
C and 
750 
o
C; however, Gd2Ti2O7 was observed to dissolve significantly in the glass matrix when 
annealed at 1100 
o
C. Examination of Ti K-edge XANES spectra from the composite materials 
show that the use of a Fe-Al-borosilicate glass and a lower annealing temperature favours the 
formation of a composite material with only a small fraction of the Gd2Ti2O7 crystallites 
dissolving in the glass matrix. The Si L2,3-edge XANES spectra showed that the ordering of the 
silicate network changes depending on the glass composition, loading of Gd2Ti2O7, and 
annealing temperature used to form the composite materials. Further, examination of Fe K-edge 
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XANES spectra from the Fe-Al-borosilicate composites showed that the oxidation state of Fe 
changed depending on the annealing temperature used to form these composite materials. 
Examination of Ti K-edge GA-XANES spectra from the ion implanted composite materials has 
shown that the damage experienced by Gd2Ti2O7 in the composite materials vs the pure ceramic 
(i.e., Gd2Ti2O7) is similar. The study of these composite materials will be useful for the further 
development of glass-ceramic composites as potential nuclear wasteforms.   
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Chapter 7 
Conclusions and Directions for Future Research 
7.1 Summary of factors affecting resistance to radiation induced damage 
 The work presented in this thesis has increased our understanding of how changes in 
electronic properties can influence the resistance to radiation induced damage of materials. These 
studies are necessary to develop and design materials for nuclear waste immobilization 
applications. The initial study of this thesis (Chapter 2 and 3) showed how the electronic 
properties (i.e., bonding environment, coordination number, and oxidation state) of 
pyrochlore-type oxides change depending on composition. The changes in electronic properties 
were investigated using XANES. The later part of this thesis (Chapter 4 and 5) discussed how 
the changes in electronic properties affect the structural stability of materials after ion beam 
implantation. Surface sensitive TEY-XANES and GA-XANES techniques have been used for 
this investigation. These studies have demonstrated the ability of TEY-XANES and GA-XANES 
to identify changes in the local structural environment of transition-metals and main-group 
metals that are not easily identified by use of X-ray or electron diffraction alone. Finally, the 
feasibility of combining glass and ceramic materials, and the structural stability of these 
composite materials, were explored in Chapter 6. The objectives of this thesis (Section 1.5) have 
been achieved and are summarized in the following sub-sections. 
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7.1.1 Effect of composition on electronic properties 
 The effect of elemental substitution on the electronic structure of materials was 
investigated in Chapters 2 and 3. Chapter 2 discussed the effect of the reduced B-site cation i.e., 
substituting lower oxidation state metals in the B-site of pyrochlore-type oxides. A series of 
Yb2Ti2-xFexO7-δ (0≤x≤0.2) were synthesized by a conventional solid state reaction method and 
studied using XANES in order to investigate the changes in coordination number and oxidation 
state of the transition metal with varying Fe content. The observed changes in transition metal 
(Ti and Fe) K-edge and L3-edge XANES spectra indicate that the average CN of Fe and Ti 
decreased from 6 to a mixture of 4 and 6 with greater Fe content. Analysis of the Fe K-edge 
XANES spectra shows that Fe adopts an oxidation state of 3+ throughout the series of  
Yb2Ti2-xFexO7-δ. The presence of only Fe
3+ 
in
 
Yb2Ti2-xFexO7-δ results in the material being oxygen 
deficient. As the Fe
3+ 
content increases, a greater oxygen deficiency lowers the metal 
coordination number, as observed by XANES spectra. This study has achieved a greater 
understanding of the effect of reduced B-site cations and oxygen deficiency on the local 
coordination environment and oxidation state of transition metals.  
 The effect of composition on the metal-oxygen bond covalency was explored by studying 
a series of Gd2Ti2-xSnxO7 pyrochlore-type oxides in Chapter 3. Gd2Ti2-xSnxO7 ((0≤x≤2) was 
synthesized by the ceramic method and characterized using XANES. To understand the spectral 
shifts and line shape changes in XANES, partial density of states calculations was performed in 
this study. The Ti-O bonds become more ionic while the Sn-O bonds becomes more covalent as 
the Sn content increases and resulted in changes in energy and/or line shape of the Ti K- and Sn 
L3-edge XANES spectra. Examination of changes in intensity of the Gd L3-edge XANES spectra 
has shown that the ionic character of Gd-O increases with greater Sn content in Gd2Ti2-xSnxO7. 
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The results presented in this Chapter have shown that the bonding interactions between metal 
and oxygen in pyrochlore-type oxides vary strongly with composition. 
7.1.2 Effect of changes in composition on structural stability 
 The effect of radiation induced structural damage depending on composition was 
explored in Chapter 4 and 5. First, the RE2Ti2O7 materials were implanted with high-energy 
(2 MeV) heavy ions (Au
-
 ions) to mimic radiation induced damage. This can produce an 
amorphous layer typically a few hundred nm thick. Glancing angle XANES (GA-XANES) and 
total electron yield XANES (TEY-XANES) were demonstrated in Chapter 4 to be able to study 
the damaged surface layer of the pellets after being implanted by a beam of high-energy ions. 
This study investigated the effect of the cationic radii ratio (rA/rB) on the structural stability of 
RE2Ti2O7 (RE=La–Lu, Y) using these techniques. RE2Ti2O7 (RE=La–Lu, Y) was synthesized by 
the ceramic method and investigated by Ti K-edge XANES before and after being implanted by 
2 MeV Au
-
 ions. Ti K-edge TEY-XANES and GA-XANES spectra have shown that the local 
coordination number of Ti decreased i.e., the Ti-site was distorted (damage occurs) after ion 
beam implantation, and that the degree of damage observed decreases with decreasing radius of 
the RE ion. These results are in agreement with previous TEM studies of these materials, which 
show that TEY-XANES and GA-XANES techniques can probe only the damaged surface layer 
of ion implanted rare-earth titanates.
87
 This study has also investigated the effect of oxygen 
deficiency on the structural stability of Yb1.85Ca0.15Ti2O7-δ, and Yb2Ti1.85Fe0.15O7-δ materials 
using TEY-XANES and GA-XANES. The spectral analysis has shown that the oxygen vacancies 
generated by slight substitution of Yb
3+ 
for Ca
2+ 
or Ti
4+ 
for Fe
3+ 
in Yb2Ti2O7 does not 
significantly change the resistance of this material to ion induced structural damage. The study 
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has shown the ability of GA-XANES and TEY-XANES to study the effect of cationic radii ratio 
(rRE/rTi) and oxygen vacancies on the structural stability of ion implanted materials. 
 The effect of metal-oxygen bond covalency on the structural stability of Gd2Ti2-xSnxO7 
was explored in Chapter 5. The study presented in Chapter 3 showed that the Gd-O and Ti-O 
bonds become more ionic while the Sn-O bonds become more covalent in as-synthesized 
Gd2Ti2-xSnxO7 with increasing Sn incorporation. The Gd2Ti2-xSnxO7 materials were implanted 
and the damaged surface layer was investigated using GA-XANES/EXAFS. Through the careful 
analysis of changes in energy and intensity, and line shape of the Ti K-edge and Sn L3-edge 
GA-XANES/EXAFS spectra, it has been shown that the Ti-sites and Sn-sites become distorted 
after ion implantation. The Gd2Ti2-xSnxO7 materials were observed to become more susceptible 
to ion induced structural damage with increasing Sn concentration, which is attributed to the 
increased covalency of the bond between O
2-
 and Sn
4+
. A greater understanding of the effect of 
bond covalency, cationic radii ratio, and oxygen vacancies of pyrochlore-type oxides on the 
structural stability has been achieved through the studies presented in Chapters 4 and 5.  
7.1.3 Effect of combining the ceramics with glass materials 
 The final Chapter of this thesis has given more insights into the chemistry (and 
interaction) of ceramic materials within a glass matrix as well as the structural stability of glass-
ceramic composite materials. Borosilicate- and Fe-Al-borosilicate glass-ceramic composites 
containing Gd2Ti2O7 crystallites were synthesized using annealing temperatures of 1100 
o
C and 
750 
o
C, and investigated by electron microprobe and XANES. The backscattered electron images 
collected from the composite materials have shown that the Gd2Ti2O7 crystallites dissolved in the 
glass matrix when annealed at higher temperatures (1100 
o
C), which was also confirmed by 
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XANES. Analysis of Ti K-edge XANES spectra has shown that the Fe-Al-borosilicate glass 
composition and a lower annealing temperature (750 
o
C) favours the formation of a composite 
material with only a small fraction of the Gd2Ti2O7 crystallites dissolving in the glass matrix. 
The oxidation state of Fe in the Fe-Al-borosilicate composite materials was reduced to Fe
2+
 when 
annealed at 1100 
o
C and oxidized to Fe
3+
 when annealed at 750 
o
C, which was investigated by Fe 
K-edge XANES. The structural stability of glass-ceramic composite materials after implantation 
was also explored in this study and was compared with the pure ceramics. The study of ion 
implanted glass-ceramic materials has shown that the damage experienced by Gd2Ti2O7 in the 
composite materials is similar to pure ceramics (i.e., Gd2Ti2O7). 
7.2 Significance and implications 
The studies presented in this thesis on the pyrochlore-type oxides have provided a better 
understanding of the effect of composition on electronic properties and the structural stability of 
these materials. This thesis has also provided a better understanding of how the metal-oxygen 
bond covalency, cationic radius ratio (rA/rB), and oxygen deficiency affect the resistance of these 
materials. Further, surface sensitive GA-XANES and TEY-XANES techniques have been 
successfully demonstrated to probe the damaged surface layer of a material after being implanted 
by heavy ions. This will help to investigate how the structure of a material responds to 
radioactive decay of incorporated nuclear waste elements. GA-XANES and TEY-XANES 
techniques have provided great insight into the changes in local structural environment of metal 
atoms that occur as a result of implantation, which are not easily identified by electron 
diffraction and other spectroscopic studies such as Nuclear Magnetic Resonance (NMR) 
spectroscopy. Along with this, this thesis has also improved our understanding of the causes of 
spectral energy shifts, which is critical to the continuing development of XANES as a probe of 
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electronic structure. These studies and techniques will be useful for the development of materials 
for nuclear waste immobilization applications. 
7.3 Directions for Future Research  
 A greater understanding of the effect of composition on the electronic properties and 
structural stability of pyrochlore-type oxides has been achieved in this thesis using XANES. 
Investigation of glass-ceramic composite materials containing pyrochlore-type crystallites has 
shown the feasibility of synthesizing composite materials at different annealing temperatures by 
a simple solid state method. These studies have also provided a better understanding of how the 
chemistry and interaction of ceramic materials within a glass matrix changes depending on glass 
(and ceramic) composition and annealing temperature. A few studies have previously 
investigated the pyrochlore (e.g., La2Zr2O7 and Gd2Zr2O7) based glass-ceramic composites using 
back-scattered electron (BSE) images.
100,239
 In this thesis, the study of glass-ceramic composites 
containing Gd2Ti2O7 was a good starting point and further exploration is needed in this area to 
develop a better understanding of the electronic properties and structural stability of these 
composites depending on the glass and ceramic composition as well as the synthetic conditions 
used to produce these materials. The proposed direction for future research is the investigation of 
various glass-ceramic composite systems.  
 There are many pyrochlore based glass ceramic composite systems that need to be 
studied; however as a first step in this area, the rare-earth zirconate and titanate pyrochlore-type 
materials should be studied to understand the effect of ceramic composition on the electronic and 
structural properties of the composite materials. Previous investigations of the Gd2Ti2-xZrxO7 and 
Y2Ti2-xZrxO7 (x= 0.0-2.0) pyrochlore ceramic materials have shown that these ceramic materials 
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exhibit more resistance to radiation induced damage with increasing Zr content. The study of 
these glass-ceramic composites would provide a better understanding of how the cationic radii 
ratio affects the interaction of pyrochlore materials within a glass matrix in composite materials. 
As was reported previously, the Gd2Ti2-xZrxO7 and Y2Ti2-xZrxO7 materials undergo a phase 
transition from the pyrochlore-type structure to the defect fluorite structure with increasing Zr 
content.
41,83,234
 This order-disorder phase transition would affect the interaction (and dissolving) 
of pyrochlore crystallites within the glass matrix. It is expected that these changes could 
potentially affect the electronic structure and local chemical environment of the composite 
materials, which could be investigated through a systematic study of Ti K-edge and Zr L3-edge 
XANES spectra.  
 The glass composition and annealing temperature of composite materials could affect the 
chemistry (and interaction) of pyrochlore crystallites within glass matrix. The work done by this 
group and other groups have shown that small additions of Fe2O3 or ZnO to the borosilicate glass 
composition can enhance the chemical durability of a glass, which would affect the radiation 
resistance of a material.
242-244,261
 Fe-borosilicate and Zn-borosilicate glass composite materials 
containing Gd2Ti2-xZrxO7 (or Y2Ti2-xZrxO7) pyrochlore crystallites would be chosen to study the 
effect of glass composition on the electronic properties of the materials using various techniques 
(e.g., XANES and X-ray Photoelectron Spectroscopy (XPS)). It is expected that the glass 
composition would affect the interaction of pyrochlore crystallites within the glass matrix of the 
composite materials.  
 Once the preliminary studies are complete, these glass-ceramic composite materials 
would be exposed to high pressures (GPa) using Diamond Anvile Cell. Pressure induced 
structural damage can mimic radiation induced structural damage.
82,233
 A few reports have 
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investigated the pressure induced structural changes in a material (e.g., RE2Ti2O7 and Gd2Zr2O7) 
using in-situ XRD and Raman Spectroscopy.
82,233
 The structural damage that caused by applying 
high pressures would be investigated using in-situ XANES and XRD. It is expected that the 
degree of damage could vary with varying (glass and ceramic) composition as well as varying 
the pressure. Pressure induced structural changes in the glass-ceramic composites vs pure 
ceramics would be investigated to understand how the interaction of ceramics within glass 
material affect the radiation induced structural damage of these materials. 
 This thesis has investigated pyrochlore-type oxides and glass-ceramic composite 
materials to provide a better understanding of the effect of varying electronic properties, 
composition, and morphology on the resistance to radiation induced structural damage depending 
on composition. The studies outlined for future research could provide more insights into how 
changes in glass and ceramic composition affect the resistance of these materials to radiation 
induced damage. In addition to this, these investigations could also provide a better 
understanding of how to develop and design materials for nuclear waste immobilization 
applications.    
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Appendix 1 
Supporting information for Chapter 3 
Table A1.1 Lattice constants from the Y2Ti2-xSnxO7 series 
Y2Ti2-xSnxO7 
x a (Å) 
0.0 10.0969(2) 
1.0 10.2389(5) 
2.0 10.3731(1) 
  
 
Figure A1.1 XRD patterns from the Y2Ti2-xSnxO7 series are shown. The diffraction peaks shift to 
lower 2θ with increasing Sn content.  
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Appendix 2 
Supporting information for Chapter 4 
Table A2.1. Rietvield refinement results of powder XRD patterns from the undamaged 
(Sm,Gd,Yb)2Ti2O7 materials* 
 Sm2Ti2O7 Gd2Ti2O7 Yb2Ti2O7 
Crystal 
structure 
Pyrochlore
a
  
(

Fd3m) 
Pyrochlore  
(

Fd3m) 
Pyrochlore  
(

Fd3m) 
a (Å) 10.2318(3) 10.1851(1) 10.0296(3) 
x48f  0.4288(3) 0.4252(2) 0.4223(3) 
B overall 
(Å
2
) 
0.80(2) 0.21(1) 0.48(1) 
Rp (%) 3.46 5.89 2.73 
Rwp (%) 7.22 6.90 9.05 
GOF 4.33 1.37 10.97 
*a = Lattice constant; x48f = x-coordinate of the oxygen anions occupying the 48f site, 
B overall = Overall isotropic thermal factor. Rp = Refinement profile, Rwp = Weighted refinement 
profile, GOF = Goodness of fits (Rwp/Rexp); Rwp and Rexp are the weighted refinement and 
expected profiles, respectively. 
a
Atomic positions for the pyrochlore-type structure: RE:16c (0 0 0); Ti:16d (½ ½ ½); O:8a (⅛ ⅛ 
⅛); and O’:48f (x ⅛ ⅛). 
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Figure A2.1 Ion beam implantation depth profiles from (a) Sm2Ti2O7, (b) Gd2Ti2O7, (c) 
Yb2Ti1.85Fe0.15O7-δ, and (d) Yb1.85Ca0.15Ti2O7-δ calculated using SRIM-2013.
220
 These 
calculations were performed using 5000 Au
-
 ions with the ion beam energy being 2 MeV. 
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Figure A2.2 Defect-per-ion profiles from (a) Sm2Ti2O7, (b) Gd2Ti2O7, (c) Yb2Ti1.85Fe0.15O7-δ, 
and (d) Yb1.85Ca0.15Ti2O7-δ calculated using SRIM-2013.
220
 These calculations were performed 
using 5000 Au
-
 ions with the ion beam energy being 2 MeV.  
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Figure A2.3 Micro powder XRD patterns from the Yb2Ti1.85Fe0.15O7-δ and Yb1.85Ca0.15Ti2O7-δ 
materials implanted to a dose of 5×10
14
 ions/cm
2 
are shown. The diffraction pattern from 
undamaged Yb1.85Ca0.15Ti2O7-δ is also presented while the diffraction pattern from undamaged 
Yb2Ti1.85Fe0.15O7-δ was presented in Section 2.3.1. 
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Figure A2.4 Rietvield refinement results of the powder XRD patterns collected from some of the 
undamaged RE2Ti2O7 materials: (a) Sm2Ti2O7, (b) Gd2Ti2O7, and (c) Yb2Ti2O7. The data points 
are represented by red triangles. The refinement (black line) and the difference plot (gray line) 
between the observed and calculated patterns are also shown. Peak positions from the 
pyrochlore-type crystal structure are indicated by blue vertical marks. 
  
193 
 
Appendix 3 
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Table A3.1 Rietvield refinement results of powder XRD patterns collected from the undamaged 
Gd2Ti2-xSnxO7 and Gd2Zr2O7 materials* 
 Gd2Ti2O7 Gd2TiSnO7 Gd2Sn2O7 Gd2Zr2O7 
Crystal 
structure 
Pyrochlore
a
  
(

Fd3m) 
Pyrochlore  
(

Fd3m) 
Pyrochlore  
(

Fd3m) 
Pyrochlore 
(

Fd3m)-66.1% 
Defect-Fluorite
c
  
(

Fm3m )-33.9% 
a (Å) 10.1851(4) 10.3235(1) 10.46066(3) 10.5368(1) 5.2444(6) 
x48f  0.4252(4) 0.421(5) 0.4143(5) 0.407(5) 
0.341(7)
b
 
 
B overall (Å
2
) 0.85(5) 0.62(2) 0.21(5) 0.38(9) 
Rp (%) 5.38 5.38 5.17 4.12 
Rwp (%) 7.00 6.62 7.41 5.36 
GOF 1.41 1.24 1.55 0.98 
*a = Lattice constant; x48f = x-coordinate of the oxygen anions occupying the 48f site, 
B overall = Overall isotropic thermal factor. Rp = Refinement profile, Rwp = Weighted refinement 
profile, GOF = Goodness of fits (Rwp/Rexp); Rwp and Rexp are the weighted refinement and 
expected profiles, respectively. 
a
Atomic positions for the pyrochlore-type structure: Gd:16c (0 0 0), Ti/Sn/Zr:16d (½ ½ ½), 
O:8a (⅛ ⅛ ⅛), and O’:48f (x ⅛ ⅛). 
b
x-coordinate of the oxygen anions occupying the 48f site when the atomic positions for the 
Gd2Zr2O7 pyrochlore-type structure are Gd:16d (½ ½ ½), Zr:16c (0 0 0), O:8a (⅛ ⅛ ⅛), and 
O’:48f (x ⅛ ⅛). 
c
Atomic positions for the defect-fluorite-type structure: Gd: 4a (0 0 0), Zr: 4a (0 0 0), and O: 8c 
(¼ ¼ ¼). 
 
Table A3.2 Calculated electronic and nuclear stopping parameters at 2 MeV for the 
Gd2Ti2-xSnxO7 and Gd2Zr2O7 materials 
Sample Electronic stopping 
parameter (dE/dx) eV/nm 
Nuclear stopping parameter 
(dE/dx) eV/nm 
Gd2Ti2O7 2684 4786 
Gd2TiSnO7 2669 4961 
Gd2Sn2O7 2667 5145 
Gd2Zr2O7 2535 4823 
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Figure A3.1 Ion beam implantation depth profiles from (a) Gd2TiSnO7, (b) Gd2Sn2O7, and (c) 
Gd2Zr2O7 calculated using SRIM-2013.
220
 These calculations were performed using 5000 Au
-
 
ions with the ion beam energy being 2 MeV MeV and by assuming the target (Gd,Ti,Sn,O) 
displacement energies being 25 eV (Gd,Ti,Sn) and 28 eV (O).
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Figure A3.2 Vacancies per ion depth profiles from (a) Gd2TiSnO7, (b) Gd2Sn2O7, and (c) 
Gd2Zr2O7 calculated using SRIM-2013.
220
 These calculations were performed using 5000 Au
-
 
ions with the ion beam energy being 2 MeV MeV and by assuming the target (Gd,Ti,Sn,O) 
displacement energies being 25 eV (Gd,Ti,Sn) and 28 eV (O).
220 
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Figure A3.3 Rietvield refinement results of the powder XRD patterns collected from the 
undamaged materials: (a) Gd2Ti2O7, (b) Gd2TiSnO7, (c) Gd2Sn2O7, and (d) Gd2Zr2O7. The data 
points are represented by red triangles. The refinement (black line) and the difference plot (gray 
line) between the observed and calculated patterns are also shown. Peak positions from the 
pyrochlore (blue) and defect-fluorite (pink) crystal structures are indicated by vertical marks. 
196 
 
4970 4975 4980 4985 4990 4995 5000
 
 
 Fluorescence
 Transmission
Ti K-edge

(E
)
Energy (eV)
Gd2Ti2O7
 
Figure A3.4 Ti K-edge XANES spectra from the undamaged Gd2Ti2O7 material collected in 
fluorescence and transmission modes. No significant changes were observed between the 
spectra. 
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Figure A3.5 Sn L3-edge XANES spectra from the undamaged Gd2TiSnO7 material collected in 
fluorescence and transmission modes. No significant changes were observed between the 
spectra.  
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Figure A4.1 EDX spectra from (a) BG-Gd2Ti2O7-1100
o
C and (b) BG-Gd2Ti2O7-750
o
C 
containing 40 wt% loading of Gd2Ti2O7 are shown.   
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Figure A4.2 (a,b) Backscattered images from the borosilicate glass composite materials (40 wt% 
loading of Gd2Ti2O7) annealed at 750
o
C and at 1100
o
C, respectively, before and after 
implantation. There are no changes in morphology and grain size of pyrochlore-type (brighter 
area) crystallites in the composite materials upon implantation. The images were collected at 
100X magnification and a scale bar of 100 µm. 
 
